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FOREWORD 


This, the 188th volume of the Transactions of the American Institute of Mining and Metallurgical Engineers, 
contains the publications of the three Metals Divisions. For the second time, the technical papers and discussions 
of the Institute of Metals, Iron and Steel, and Extractive Metallurgy Divisions appear under one cover. This 
volume also contains discussions of papers previously published in Volumes 180 and 185. 

The publication is a virtual storehouse of information on recent progress in modern metallurgy, and it is 
particularly encouraging to note the many new names in the growing list of authorities on metallurgy. 

The papers of the Institute of Metals Division, seventy-nine in number, continue to show a gratifying range 
of interest with no impairment of the usual excellent quality of the publications of this Division resulting from 
a large number of papers accepted for publication. 

The papers of the Iron and Steel Division include several containing important fundamental contributions 
to our knowledge of the processes involved in sulphur removal in iron and steel making. Also included under 
publications of this division are two vital papers on the side-blow converter. 

The Extractive Metallurgy Division publications this year are notable for the number of practical con- 
tributions. Papers of this type are indispensable to the operator and of great aid to the young technical grad- 
uate who is in the process of reconciling theory and practice. 

The generous supply of “one-pagers” or Technical Notes dispersed throughout the volume provide ample 
evidence of the interest in this type of publication since it was initiated in 1948.. These concise articles provide 
an excellent means for the conveying of small but important contributions from the busy author to his tech- 
nical colleagues. It also provides an excellent but an admittedly not yet fully exploited medium through which 
younger members can submit timely reports on various developments without resorting to the more lengthy 
treatment often required for more formal papers. 

Thanks are due the authors and contributors to the discussions, the officers of the divisions, members of the 
various divisional committees, and the headquarters staff for their cooperative efforts in making such an excel- 
lent publication possible. 


NOVEMBER 29, 1950 C. D. Kine, Chairman 
PITTSBURGH, PA. Metals Branch Council, AIME 


_ JOURNAL OF METALS was paged consecutively throughout 1950. Thus, in this volume of the Metals Transac- 
tions there are 11 interruptions in the pagination. The missing pages appeared in JOURNAL OF METALS. This 
volume consists of all the Metals Transactions for 1950. 
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The System 


Chromium-Carbon 


__ The chromium-carbon system up to 20 pct carbon was re- 

investigated using metallographic, X ray, and thermal analyses. 

The transformation temperatures pertinent to the three known 

carbides were examined, resulting in higher temperatures than 

heretofore given for some of these transformations. Many attempts 
were made, all unsuccessful, to form a carbide “CrC”. 


by David S. Bloom and N. J. Grant 


HE development of high temperature, high 
stress alloys had proceeded with such rapidity 
during the war, and for a short time afterward, that 
our knowledge of the constitution of the alloys had 
become seriously inadequate. To interpret cor- 
rectly alloy behavior it is not only necessary to 


- recognize the phases present, but also to know the 


properties of the phases under all varieties of con- 
ditions and treatments. 

Chromium in these high temperature alloys holds 
the unique distinction of being the only one element 
which must be present when an oxidizing or gen- 
erally corrosive atmosphere is present and when a 

- long life is desired in service. Carbon and nitrogen 
must also be considered where chromium is present. 
Carbon is always present, either as an impurity in 


- the raw alloying elements, or as a deliberate addi- 


tion agent to increase the strength. Nitrogen is gen- 
erally picked up from the atmosphere during melt- 
ing or may be added as an alloying element. The 


- effect of nitrogen additions is not too dissimilar to 


that of carbon additions. 

As such, chromium carbides and nitrides become 
of great interest since they are present in a very 
large number of alloys, including alloy steels, stain- 
less steels, super alloys, and the like. 

In the chromium-carbon system there are three 
accepted carbides: Cr.C, Cr,C;,, and Cr.C:. The 
existence of one more carbide, a still higher carbon 
form CrC, has been advanced’. The phase diagrams 
of chromium and carbon as published by Friemann 
and Sauerwald’ and by Tofaute, Kuttner and But- 


tinghaus’ do not extend beyond the carbide Cr,C., 
which contains 13.3 pct carbon; but Hatsuta* has 
extended the diagram up to 20 pct carbon, and in 
doing so hypothesized, with the use of some ques- 
tionable experimental results, the compound CrC. 
This carbide would contain 18.75 pct carbon, 81.25 
pct chromium, by weight. 

It is further known that as the chromium car- 
bides increase in carbon the acid resistance increases 
but the oxidation resistance decreases*’. This is of 
great importance in high temperature alloys where 
time-temperature stability, as well as oxidation re- 
sistance, is of prime importance. The possible ex- 
istence of a carbide of the formula CrC thus be- 
comes of prime importance and it was considered 
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important to recheck the chromium-carbon binary 
constitutional diagram for such a compound. 

In view of the wide spread of values listed for 
the melting point of chromium (1500° to 1850°C)* 
and 1930°C’, it was considered that the liquidus 
temperatures might well be redetermined more ac- 
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curately by working with high purity materials 
free of nitrogen—the most logical element to cause 
the low melting point in previously determined 
constitutional diagram. Oxygen is known to lower 
the melting point also, but not nearly as severely 
as carbon or nitrogen. 

The first portion of the problem was to endeavor 
to produce the carbide CrC by any of the tools 
available to the metallurgists. 


Vacuum Melting: The first method tried involved 
the use of vacuum of better than 10°mm of mercury 
pressure. 

Electrolytic chromium (used throughout the ex- 
perimental work) was placed in a graphite crucible 
and heated, the graphite crucible acting as a heat- 
ing element and also supplying carbon to the melt, 
as well as a deoxidizing action. When melting oc- 
curred, much gas was 
liberated from the 


chromium metal was found deposited on the cooler 
furnace surfaces above the melt after cooling. In- 
asmuch as the boiling point of pure chromium is 
about 2480°C’, it may be considered that there was- 
an appreciable amount of chromium vapor above 
the melt; therefore, the actual temperature of the 
body of the melt was probably higher than 2250°C. 
No temperature correction was made for this chro- 
mium vapor during optical readings. 

Examination of the ingot by X-ray diffraction in 
a Phragmen camera, and by comparing the diffrac- 
tion pattern with that of known chromium carbides 
and carbon, showed that the resultant metal was 
Cr.C, plus excess carbon. The total carbon content 
as determined by oxidation of the carbon and col- 
lection of the oxide was 16.50 pct. 

The maximum temperature attained was con- 
siderably above that of the estimated melting point 
of CrC, as given by Hatsuta’; however, the resulting 
products did not include CrC. It was possible that 
CrC could exist as a high temperature phase and 
break down to Cr.C. and carbon upon cooling; but 
since an examination at the elevated temperatures 
was not possible, the next best thing was to suppress 
by a very rapid cooling any transformations which 
might occur on slow cooling. 


Melting Under a Protective Atmosphere: There- 
fore, the subsequent series of experiments consisted 
of melting the chromium in a graphite crucible 
which had a hole in the bottom plugged with a 
graphite stopper rod. After reaching the desired 
temperature, the chromium carbide could be 
poured, by pulling the graphite stopper, into a cop- 
per mold for quick cooling. The whole assembly 
operated in an argon atmosphere. However, the 
maximum temperature reached was only between 
1700°-1800°C, as determined by the optical py- 
rometer, and this was not satisfactory. 


Arc Furnace: Another attempt to achieve a high 
temperature followed by a rapid quench required 
the use of the tip of a graphite electrode in an elec- 
tric arc furnace as the heating element. The chro- 
mium was inserted in a hole drilled and tapped in 
the tip of the electrode; the hole was then sealed 
with a threaded graphite plug. After heating by 
drawing an arc, the electrode was removed and 
quenched in cold water. It was found that a maxi- 
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mum temperature of about 2200°C (as measured by 
the optical pyrometer with the electric are shut off) 
was reached. The resulting product was again Cr,C, 
plus carbon. 


64KW Motor-generator Induction Furnace: The 
next method tried involved the use of a much 
larger furnace and power supply (see fig. 1). The 
induction furnace coil of 28 turns of copper tubing 
was 12 in. in diam. Inside of the coil was placed 
a graphite electrode 6 in. in diam and 6 in. high 
containing a hole in its center. In this cavity the 1 
in. diam crucible containing the chromium carbide 
charge was placed. With an applied power of 49 
kw at 67 amp, a temperature of 2300°C was attained 
by the melt. The temperature was determined by 


Fig. 3—Heat 23. Combined Carbon 11.3 pet. 
Quenched from 2300°C. CrsC2 with small amounts of Cr7Ca-CraCez 
peritectic and free graphite. Electrolytic NaOH etch. 500X. Slightly 
reduced in reproduction. 

an optical pyrometer, and inasmuch as a greenish 
vapor was visible above the melt it is considered 
that the temperature of the melt was higher than 
that of the pyrometer reading. The crucible was 
then quickly removed and quenched in water. The 
result was Cr.C, and carbon again, the total carbon 
- being 23.9 pct by weight (see fig. 2 and 3). Table I 
lists the data for all illustrations. 


Menstruum Melting: One of the methods used to 
make refractory carbides’ was also used to try to 
produce CrC. Aluminum, iron, and other metals 
may be used as menstrua. Accordingly, in an effort 


-— to make CrC, an aluminum menstruum melt was 


made in the vacuum fusion apparatus. A tank of 
argon was connected to the system, so that after 
melting in vacuum, argon could be bled into the 


system and the remainder of the run made under 


Fig. 4—Heat 28. Diffraction Pattern of 
; : Cr, AIC. 


Same camera as fig. 2. 


Fig. 2—Heat 23. Total Carbon 23.9 pet. 


Diffraction pattern. of CrsC2+ C. Phragmen camera 
(50.2 mm radius) with angular coverage of 28° to 57°. 
Chromium target. 


approximately atmospheric pressure to prevent ex- 
cessive loss of chromium or menstruum metal. 

After the graphite crucible containing the chro- 
mium and aluminum had been at 2000°C for 20 
min. and then cooled, the ingot was placed in a 1:1 
HCl acid solution for two days. The residue was a 
dark grey, flaky substance. X ray analysis revealed 
that the substance was none of the chromium car- 
bides previously encountered. However, chemical 
and spectroscopic analysis showed that the com- 
pound was actually Cr,AIC (see fig. 4 and 5). 

The next menstruum metal tried was nickel. The 
molten metal was held at 2000°C-or higher for 
about 30 min., after which it was removed and 
placed in a 1:1 HCl solution for four days. An 
X ray diffraction pattern of the residue identified 


it as being Cr.C,. 


Copper was also tried as a menstruum metal. The 
melt was held at 1800°C for approximately 30 min. 
The ingot, upon solidification, was found to consist 
of two layers; the lower being coppery in color and 
was completely dissolved in nitric acid, the upper 
section was metallic grey in color and suffered 
practically no alteration in nitric acid. X ray dif- 
fraction showed that it was Cr.C,y. 


Diffusion: Finally an attempt was made to make 
CrC by diffusion at high temperatures in the solid 
state. Cr,;C. with enough additional carbon to bring 
the carbon content up to 26 pct was ground and 
compressed into the form of pellets, one being 
pressed at 61 tons per sq in., the other at 102 tons 
per sq in. These two pellets were then placed in a 
graphite crucible, surrounded by powder of the 
same composition as the pellets, and held at 1800°C 
for 6 hr in a vacuum. Examination of the pellets 
showed that some chromium had diffused out of the 
pellets, but by X ray diffraction it was determined 
that only Cr;,C, and carbon were present. 

No other means of preparing CrC presented 
themselves, unless the possibility of melting chro- 
mium and carbon under high pressures and tem- 
peratures could be investigated; however, it seemed 
conclusive that the carbide CrC did not exist in 
normal melting. 


Phase Diagrams: Using an apparatus whereby 
chromium and carbon could be melted in a high 
purity argon atmosphere, with temperatures deter- 
mined by a tungsten-molybdenum thermocouple”, 
the chromium-carbon phase diagram was reinvesti- 
gated. The apparatus used is illustrated in fig. 6. 
The tungsten-molybdenum thermocouples (0.020 
in. diam) were encased in alumina tubes cemented 
to beryllia protection tips which projected well into 
the molten carbide. The emf of the thermocouples 
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was first determined by a potentiometer, but this 
was replaced after a few runs by a Leeds & North- 


rup ‘“Speedomax” automatic recording potentio- 
meter. With this instrument a continuous record 
with practically no time lag occurring between a 
temperature change and its recording was obtain- 
able. 

The chromium used in this work was electrolytic 
chromium obtained from the U. S. Dept. of the 
Interior, Bureau of Mines. It contained 0.40 pct 
iron, 0.5 pet oxygen, 0.01 pct sulphur, and 0.004 pct 
carbon. Since all the alloys contained carbon the 
oxygen was reduced to values below 0.02 pet. Nitro- 
gen in the final alloys, analyzed by vacuum fusion, 
was less than 0.01 pet. Accordingly, the alloys con- 
tained only the iron contamination which was of 
significant magnitude. The results of some of these 
heats are shown in fig. 7 through 14. Fig. 7 is a 
photograph of a slowly cooled portion of an ingot 
of Cr,C and a chromium. Fig. 8 shows a section near 
the top surface of the same ingot, and the effect of 
the more rapid cooling is evident. Fig. 9 shows an 
annealed sample. Fig. 10 and 11 show Cr,C, and 
Cr.C, the angular crystals being Cr,C,; and the matrix 
being Cr.,C plus Cr,C;. Fig. 12 and 13 show some 
Cr,C, and Cr,C, plus carbon, the dark areas being 
graphite deposits which have been etched out. Fig. 
14 shows an ingot consisting of Cr,C., Cr,C,; and 
carbon, the carbon being etched out while the Cr,C, 
is practically untouched. 

In Fig. 15 is shown the chromium-carbon phase 
diagram which this investigation showed to be more 
nearly correct than those previously published. The 
melting points of all the carbides are indicated as 
being higher than those given in previous deter- 
minations, and are summarized in Table II. 


Table II. Melting Points of Carbides 


Cr, °C |CrsC, °C} CrzCa, °C | CraCe, °C 


Hatsutat 1760 1530- 1670 1830 (Est.) 
Friemann-Sauerweld® 1550 1665 

Tofsute, Kuttner, Buttinghaus 1550 

New Determination 1930 1520 1780 1895 


The determination of the melting point of chro- 
mium, noted at 1930° + 10°C in this work checks 
quite well with that given by Parks and Bens’ 
which was 1950° + 50°C. These two most recent 
determinations definitely place the melting point of 
pure chromium far above all previously reported 


Fig. 5—(left) Heat 28. Cr, AIC Crystals in Aluminum 
Carbide Matrix (with Graphite). 
Unetched. 100X. Slightly reduced in reproduction. 


Fig. 6—(below) Apparatus for Fusion in Argon 
Atmosphere. 
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values. Values as low as 1550°C must have been 
due to severely contaminated chromium metal, par- 
ticularly with respect to nitrogen (also carbon) 
which drastically lowers the melting point of chro- 
mium—as is indicated by the chromium-carbon and 
chromium-nitrogen diagrams. 

The selected chromium-carbon diagram is pat- 
terned after the one reported by Hatsuta‘, with the 
corrections and exceptions listed below. The dia- 
gram in the Metals Handbook, 1948, p. 1181, is also 
apparently patterned after Hatsuta; however, the 
source of one or two changes is not given, nor is 
Hatsuta’s work referred to. 

In the present work, most of the temperatures of 
transformation have been redetermined or were 
determined for the first time. Further, a trans- 
formation characterized by a horizontal line in 
7 + € and in the € + x fields of the Hatsuta dia- 
gram has been eliminated. This apparent trans- 
formation was not found experimentally consis- 
tently; and in the two heats in which it was de- 
tected, some Cr.C was found which was the cause 
of the thermal arrest. Changes in the solidification 
and cooling rates play an important role in detecting 
this thermal arrest by affecting the formation and 
retention of Cr,C. This transformation, when de- ~ 
tected, occurred at about 1520°C, which is also .the 
solidification temperature of Cr,C. In the heats in 
which carbon was already in solution in the charge, 
the Cr.C solidification was not detected. Only in 
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Fig. 7 (above)—Heat 31. Co 


and graphite. 10 pct HCl, electrolytic etch. 100X. 
Fig. 8 (below)—Also Heat 31. 


Rapidly cooled section of ingot showing the CriC-a chromium eutectic. 


75X. Both illustrations slightly reduced in reproduction. 


4 ° : 4 - : 7 

Bet Ae 27 

Fig. 11—Also Heat 40. 

Annealed 16 hr at 1350°C. Shows same phases as fig. 10 after some de- 
composition. Electrolytic NaOH etch. 500X. 


heats in which carbon and chromium were charged 
was the Cr,C transformation apparent in the Cr,C, 
plus Cr,C, field, and the heat evolution at that tem- 
perature was considered to be the solidification of 
a small percentage of Cr,C in the ingot. 


mbined Carbon 2.88 pet. 


As cast sample (slow cooled section of ingot) showing a chromium, CriC 


Fig. 9 (above)—Also Heat 31. 


Annealed 16 hr at 1350°C. Shows a chromium matrix plus CriC. Elec- 
trolytic NaOH etch. 500X. 


Fig. 10 (below)—Heat 40. 


Combined carbon 5.5 pet. As cast. Shows undecomposed primary Cr7zCs 
and CrzCs -+ CraC peritectic. Electrolytic 10 pct HCl etch. 500X. 
Both illustrations slightly reduced in reproduction. 


. a 4 
"Fig. 12—Heat 39. Combined Carbon 11.1 Pet. 


Annealed 16 hr at 1350°C. CraC2 matrix plus CrzCs. Electrolytic NaOH 
etch. 750X. Both illustrations slightly reduced in reproduction. 


The existence of the carbide CrC, as indicated by 
Hatsuta® and Sykes in the Metals Handbook, was 
in no way indicated by any of the work reported 
herein. The formation of a compound possessing an 
X ray diffraction pattern unlike any of the known 
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chromium carbides can be explained if melting to 
form the carbides was not done under vacuum or a 
correct protective atmosphere. It has been shown 
that electrolytic chromium can absorb appreciable 
percentages of nitrogen from the atmosphere in 
only.a few minutes if melted in a crucible open to 
the air’. A chromium nitride is undoubtedly formed, 
and a microscopic examination of a_ solidified 
chromium ingot which has been exposed to the at- 
mosphere while molten, especially during the initial 
melt-down period, shows a yellow constituent, very 
similar to the description applied to the compound 
hs Cre OUR 

It is considered that the phase diagram in the 
region of CrC and increasing carbon as shown by 
the dotted lines is the most probable construction. 
Because of the high temperatures required (in ex- 
cess of 2000°C) and the presence of carbon it is 
difficult to find a suitable refractory for work in this 
field. Magnesia reacts with chromium-carbon solu- 
tions at 1900°C; zirconia is good only for a limited 
time. A graphite crucible seems the only possibility, 
and for this reason it was possible to obtain only a 
solidification point of Cr,C.. The melting point of 
pure chromium was obtained in a zirconia-lined 
dense magnesia crucible. 
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Fig. 15—Carbon-chromium Phase Diagram. 
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Fig. 13 (above)—Also Heat 39. 


Annealed 16 hr at 1350°C. Shows primary CrsCe and Cr7Cs + CrsCe2 
peritectic. Electrolytic NaOH etch. 750X. 


Fig. 14 (below)—Heat 41. 


Combined carbon 12.78 pct. As cast. Undecomposed CrsCz with long 
islands of CrzCzs and graphite. Electrolytic NaOH etch. 500X. Both 
illustrations slightly reduced in reproduction. 
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Electrical Resistivity 


and Thermoelectric Power ¢— Antimony - Selenium Alloys— 


by B. D. Cullity, M. Telkes 
and 


John T. Norton 


This research was initiated in an attempt to find a 
ae material for use in thermoelectric generators and al- 
though none of the antimony-selenium alloys is suitable 
for this purpose, the properties of Sb.Se; indicate that 
it may have applications as a thermistor material. 


HIS investigation of antimony-selenium alloys 
was undertaken in an attempt to find a suitable 
material for use in power-generating thermo- 
couples. The chief requirements for such a material 
are high thermoelectric power, low electrical resis- 
tivity and low thermal conductivity’. Measurements 
of the first two properties mentioned are usually 
sufficient to determine whether or not a material 
is suitable for use in a thermoelectric generator. 
As a first approximation the requirements are: 
1. Thermoelectric power greater than 200 micro- 
“volts per °C. 2. Electrical resistivity less than 
0.002 ohm-cm. 3. 


Hansen’s judgment, the most accurate phase dia- 
gram is that determined by Parravano, in 1913 and 
this is reproduced in the upper part of fig. 1. The 
most notable parts of this diagram are the liquid 
miscilibility gap, extending from about 12 to 36 wt 
pet selenium, and the intermediate phase Sb.Se, 
containing 49.3 wt pct selenium. The crystal struc- 
ture of Sb.Se, has not been determined. 

Pelabon*®* made measurements of the electrical 
resistivity of a few antimony-selenium alloys but 
his investigation was not very complete. He found 
that the resistivity increased with the selenium 
content and became 
very large as the 
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composition of Sb.Se; 
was approached. For 
alloys containing less 
than 50 at. pct (39.3 
wt pct) selenium, he 
found that the re- 
sistivity increased 
regularly with tem- 
perature. For alloys 
containing larger 
amounts of selenium, 
he found various re- 
sults: in some cases, 
the resistivity de- 
creased with increas- 


TRANSACTIONS AIME, VOL. 188, JAN. 1950, JOURNAL OF METALS—47° 


ing temperature and in others it increased, passed 
through a maximum and then decreased as the 
temperature was raised. 

Pelabon’ also measured the thermoelectric power 
of some antimony-selenium alloys. He found that 
it was almost the same as that of pure antimony for 
alloys containing up to 50 at. pct selenium; for 
greater selenium contents, the thermoelectric power 
increased, becoming very large at the composition 
Sb.Ses. 

The extensive literature concerning the resistiv- 
ity and thermoelectric power of selenium has been 
summarized recently by Borelius and his collabo- 
rators’’. Using very pure material and carefully 
controlled experimental arrangements, they ob- 
tained results which could be interpreted in terms 
of the Wilson-Fowler theory of semi-conductors. 

Kozlovskii and Nasledov*® studied the resistivity 
and thermoelectric power of selenium and selenium 
alloys containing 1 to 5 pct antimony. They found 
that increasing additions of antimony increased the 
resistivity and the thermoelectric power, the maxi- 
mum effect being obtained with 4 pct antimony. 

Nasledov’® and Nasledov and Malyshev” found the 
same effect with additions of small amounts of 
antimony to selenium. 


Experimental Methods 


In the preparation of all alloys, a ‘“‘special high 
purity” grade of selenium was used, containing 
more than 99.99 pct selenium and obtained from 
the American Smelting and Refining Co. “Lone 
Star” antimony from the Texas Mining and Smelt- 
ing Co. was used in making most of the alloys; it 
contained 99.9 pct antimony, Fe, S and As being 
the chief impurities. 
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Fig. 1—Antimony-Selenium Equilibrium Diagram, 
from Hansen’. 


Since all the alloys investigated had relatively 
low melting points, it was possible to prepare them 
in glass tubes and for this purpose a special kind 
of Pyrex, known as Pyrex 172, was used. It has 
a softening temperature of about 925°C. 

After melting in vacuo in sealed tubes, the alloys 
were allowed to solidify in the tubes and the re- 
sulting ingots measured 1 to 2 in. in length and 
about 3% in. in diam. All alloys were extremely 
brittle and had a large grain size. None of the 
alloys was chemically analysed: all came cleanly 
away from the glass tube and there was no doubt 
that all the metal added had entered the alloy. 

Electrical resistivity was found by measuring, 
with a potentiometer, the potential drop along a 
known length of alloy when a known current was 
flowing. The specimen was clamped in a special 
fixture between two current electrodes of flat, 
braided cable made of tinned copper wire. The 
potential leads consisted of two steel needles ap- 
plied to the surface of the specimen at a distance 
of 1 cm apart. The current used varied from about 
1 amp to a few microamperes, depending on the 
resistance of the specimen. In a few cases of very 
high resistivity, where this method failed, a Wheat- 
stone bridge or a modification of the voltmeter 
ammeter method was used. The temperature coef- 
ficient of resistance was measured over a range of 
about 15°-100°C by immersing the specimen in 
a heated oil bath. 

The thermoelectric power of the alloys was 
measured relative to copper over a temperature 
range of about 15° - 100°C and was taken as posi- 
tive if the direction of conventional current flow 
was from specimen to copper at the cold junction. 
The specimen was clamped between two copper 
blocks, one heated by steam and the other cooled 
by a stream of water, the difference in temperature 
between the two blocks being indicated by a dif- 
ferential thermocouple. The thermal EMF was 
measured by means of a potentiometer connected 
to the copper blocks with copper lead wires. 


Experimental Results 

Electrical Resistivity: The electrical resistivity at 
25°C of as-melted low-selenium alloys is shown in 
the lower part of fig. 2. The increase in resistivity 
when selenium is added is due mainly to solid 
solution of selenium in antimony. Antimony itself 
is to be regarded as a metal with one Brillouin zone, 
holding exactly 5 electrons per atom, slightly over- 
lapping the next zone”. There are thus a small 
number of positive holes created in the inner zone 
and an equal number of electrons in the outer zone; 
the positive thermoelectric power of antimony sug- 
gests that it is the positive holes, rather than the 
electrons, which carry the current since the thermo- 
electric power has the same sign as the charge 
carrier. The addition of selenium, which has more 
valence electrons than antimony, would be expected 
to increase the concentration of free electrons and 
decrease the concentration of free holes and thus 
increase the resistivity. This is exactly the observed 
effect. 

The preparation of homogeneous alloys containing 
12 to 36 wt pct selenium is clearly impossible by 


48—JOURNAL OF METALS, JAN. 1950, TRANSACTIONS AIME, VOL. 188 


Resistivity (ohm cm.) 


Weight Percent Selenium 


Fig. 2—Electrical Resistivity at 25°C and Thermo- 
electric Power (Relative to Copper) of Low-Selenium 
Antimony-Selenium Alloys. 


the usual fusion methods because of immiscibility 
in the liquid state. Since investigation of the other 
alloys of the system showed that alloys with com- 
positions within the miscibility gap could not have 
a thermoelectric power greater than -+50 microvolts 
per °C, no alloys in this composition range were 
investigated. 

The resistivities at 25°C of alloys whose compo- 
sitions lie on the other side of the miscibility gap, 
namely between 36 and 100 wt pct selenium, are 
plotted on a logarithmic scale in fig. 3. The values 
reported are for as-melted alloys, if the selenium 
content is 49.3 wt pct selenium (Sb.Se;) or less, 
and for annealed alloys if the selenium content is 
larger than this amount. 

Annealing greatly reduces the resistivity of the 
high-selenium alloys which, in the as-melted con- 
dition, have resistivities as large as many insulators. 
z This is shown by table I. 


\ 


Table I. Effect of Annealing on Resistivity 


Resistivity at 25°C (ohm cm) 


ze Wet Pct 
Alloy Selenium As-melted Annealed 
aR SS 9 60 3.0 x 10° 1:3'x 10° 
SS 10 70 8.7 V2 
SS*11 80 _ 440. 1.6 
SS 12 90 160. 1.7 
SS 13 100 Not Measurable 0.9 


Selenium, either pure or existing as such in alloys 
as a second phase, solidifies in the amorphous form 
when cooled at any normal rate from the liquid 
state. This form has a very high resistivity and 
- gives an X ray diffraction pattern characteristic of 
a liquid; in fact, it is probably best considered as 
a super-cooled liquid. Annealing at a temperature 
of about 200°C rapidly converts this form into 
 erystalline, so-called ‘metallic’* selenium which 


* The term is a misnomer, since selenium has few metallic properties. 
Actually, it is a semiconductor. 


Thermoelectric Power (\v/°C) 


has a hexagonal crystal structure and a much lower 
resistivity. 

The most interesting portion of the curve of fig. 3 
relates to alloys approaching Sb.Se, in composition. 
It shows an extremely rapid increase in resistivity 
with increasing selenium content: an increase of 
only 0.3 wt pct selenium, from 49.0 to 49.3, in- 
creases the resistivity over 30,000 times. 

The large resistivity of Sb.Se, suggested that this 
substance might be a semiconductor. Experimen- 
tally the temperature dependence of the resistivity 
of Sb:Se, was found to be in very good agreement. 
with that predicted theoretically by Wilson” * for 
an impurity semiconductor: 

AW 
L ee a Aloe DEL 


p 


resistivity (ohm cm.) 
conductivity (ohm em”) 
constant 
energy gap between the impurity levels 
and the top of the lower full band 
(electron volts) 
= Boltzmann’s constant — 8.62 « 10° 
electron volt per deg. 
T = temperature (A) 


The value of AW for Sb.Se, was found to be 0.80 
electron volt. 

In general, the properties of semiconductors are 
very difficult to reproduce from specimen to speci- 
men and Sb.Se; is no exception. The resistivities of 
three alloys, all made up to have the compositions 
of Sb.Se;,, were found to be as in table II. 

The values (table II) also show effect of anneal- 
ing in vacuo for 72 hr at 500°C. The reduction in 
resistivity so obtained is minor in comparison with 
that produced by the addition of impurities, as 
will be shown later. 

An X ray diffraction powder pattern of Sb.Se, 
showed a very large number of diffraction lines. 
No attempt was made to determine the structure 
but it appears to have less symmetry than a cubic, 
tetragonal or hexagonal lattice. 
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The shape of the resistivity-composition curves 
of fig. 3 may be explained as follows, The practi- 
cally constant resistivity of alloys containing more 
selenium than Sb.Se, is simply due to the fact that 
these alloys are mixtures of two phases, both semi- 


Table II. Resistivities of Alloys 


Resistivity at 25°C (ohm cm) 


Alloy As-Melted Annealed 
S38 Telex 10% 2.5 x 104 
SS 18 4.2 1.3 
SS723 47. 

Mean 19. 


conductors and both having nearly the same resis- 
tivities. The rapid decrease in resistivity as an- 
timony is added to Sb.Se, is probably due to a 
combination of two factors: 

1. Solid solution of antimony in Sb.Se;. The 
thermoelectric power of Sb.Se,; relative to copper is 
positive, which shows that the current in Sb.Se, is 
conducted by positive holes. This kind of conduc- 
tion requires that some impurity have discrete 
energy levels capable of accepting electrons from 
the top of the filled band; the measurements of the 
variation of conductivity with temperature show 
that these levels are 0.80 electron volt above the 
top of the filled band. 

If the observed increase in conductivity is due 
to the presence of antimony in solid solution, then 
it must be assumed that the excess antimony is 
acting as an “impurity” in the Sb.Se, lattice. The 
usual theory of the effect of impurities on semicon- 
ductors is inadequate here, however; it was devised 
to apply to ionic solids (such as Cu,O and ZnO) and 
leads to the prediction that excess metal in the 
lattice results in electronic conduction. Since Sb.Se, 
exhibits positive hole conduction and, moreover, 
can hardly be considered as a typical ionic solid, a 
different approach must be used to explain the in- 
creased conductivity caused by excess antimony. 
The type of bonding in Sb.Se, may be assumed to be 
largely covalent in nature, each antimony atom 
being bonded to three selenium atoms and each 
selenium atom being bonded to two antimony atoms. 
The resulting structure might be similar to that of 
pure antimony, but with selenium atoms perhaps 
taking up positions between the closest neighbors 
of the antimony lattice. 

If an antimony atom is now substituted for a 
selenium atom, its tendency would be to take up an 
electron from the filled band of Sb.Se,, producing 
hole conduction, because by so doing it would have 
the same valence structure as the selenium atom 
it replaces. This line of reasoning is in agreement 
with the results of Scaff, Theuerer and Schumacher™ 
who found that silicon containing Group III ele- 
ments with one less valence electron had hole con- 
ductivity, while electron conductivity was shown by 
silicon containing Group V elements with one more 
valence electron. 


2. Addition of another phase with much lower 
resistivity, namely antimony. Usually, the resistiv- 
ity of two-phase alloys is approximately a linear 
function of the volume composition. However, 
other relationships are theoretically possible, de- 
pending on the mode of distribution of the two 


phases. At one extreme, the two constituents could 
occur in series with respect to the current flowing: 
the resistivity of the alloy is then a linear function 
of the volume composition. At the other extreme, 
the two constituents could occur in parallel; in this 
case, the shape of the resistivity curve depends 
markedly on the relative resistivities of the two 
phases. For example, if a small amount of a phase 
with low resistivity is added in parallel to a phase 
with high resistivity, the resistivity of the alloy 
will decrease very abruptly, in a manner similar to 
that of fig. 3. Physically, a parallel arrangement 
of phases means that threads or filaments of an- 
timony must run through the alloy from one end 
of the specimen to the other. The phase diagram 
given in fig. 1 shows that an alloy containing some- 
what less antimony than Sb.Se, consists of crystals 
of Sb.Se, imbedded in a eutectic matrix of antimony 
and Sb.Se,. Metallographic examination of alloys 
in this composition range showed that the eutectic 
was platelike in nature, so that an electrically 
parallel arrangement of phases in this alloy would 
demand that the plates of antimony in the eutectic 
be interconnected throughout the length of the 
specimen. It is very unlikely that this condition is 
completely fulfilled, but its partial fulfillment may 
be responsible for part of the observed rapid de- 
crease in resistivity when antimony is added to 
Sb.Se;. 


Thermoelectric Power: The thermoelectric power 
of as-melted low-selenium alloys is plotted in the 
upper part of fig. 2. As selenium is added to an- 
timony, the thermoelectric power increases slightly 
at first and then remains constant. 

Values of the thermoelectric power of alloys 
whose compositions lie on the other side of the 
liquid miscibility gap are plotted in fig. 4. The 
main feature of this curve is the abrupt and large 
increase in thermoelectric power at the composi- 
tion of Sb.Se;,, a change even more abrupt than the 
change in resistivity. 

The values for the thermoelectric power of alloys 
containing more selenium than Sb.Se,; were obtained 
with annealed alloys. Repeated measurements on 
the same specimen did not agree very well and the 
values given are to be regarded as only approximate. 

The most interesting part of fig. 4 is the abrupt 
change in thermoelectric power at the composition 
of Sb.Se, The rapid decrease in thermoelectric 
power of Sb.Se, as antimony is added is probably 
due to a combination of the same two effects which 
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cause the rapid decrease in resistivity, namely, the 
formation of a solid solution and the addition of 
a second phase of radically different properties. 
The thermoelectric power, as well as the resis- 
tivity, of Sb.Se, varied from specimen to specimen 
and was increased somewhat by annealing 72 hr 
at 500°C as shown in Table III. 


Table II. Effect of Annealing on Thermoelectric Power 


Ocy (microvolts per °C) 


Alloy As-melted Annealed 
SS 8 1130 1300 
SS 18 1040 1130 


SS°23 1080 


12 13 


Wilson’s theory of semiconductors” * was applied 
by Bronstein” and Fowler”™:™ to the thermoelectric 
effects in a semiconductor vs. metal circuit. Their 
For the thermo- 
electric power of a hole, or defect, semiconductor 
relative to an ideal metal, Fowler found: 


5 k av) = 
sep J= 108 X 10° + 0.5 all [2] 


where § = thermoelectric power (volt per deg) 


e = absolute value of the electronic charge 


(electron charge units) = | 1 | 
_ This equation may be used to obtain an independent 


value of AW. The thermoelectric power of annealed 
Sb.Se, is 1300 microvolts per °C, measured over the 
temperature range 10° - 100°C. 
thermoelectric power and the median temperature 
of 328° abs. (55° C) into Eq 2, one obtains 0.78 ev. 
for AW, in very good agreement with the value of 
0.80 ev. found from the variation of conductivity 
with temperature for the same specimen. 

Effect of Impurities on Sb.Se,: Since Sb.Se; is a 
semiconductor, its properties should be quite sensi- 
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tive to changes in the impurity content. In order to 
investigate the effect of impurities, alloys were pre- 
pared with different grades of antimony and differ- 
ent additions of a small amount of a third con- 
stituent. 

The properties of these alloys in the as-melted 
condition are given in table IV. The composition 
of Lone Star antimony has already been given. 
RMM antimony is a less pure grade, containing 99.8 
pet antimony; its use decreases the resistivity of 
Sb.Se, as one would expect, since the general rule 
is that the addition of impurities to semiconductors 
decreases their resistivity. Use of still another 
grade, Belmont antimony, decreases the resistivity 
still further. Qualitative spectrochemical analysis 
ofthis antimony showed that it contained lead in 
the order of 0.1-1.0 pct, together with minor 
amounts of silver, copper and nickel. 

Table IV also shows the effect of adding 1 at. pct 
of various elements to Sb.Se,; made from Belmont 
antimony. Mg and Cu were found to produce a 
large increase in the resistivity, Bi and As a small 
decrease, while S, Te, Pb and Sn had no marked 
effect. All additions decreased the thermoelectric 
power. The addition of Pb and Sn even changed the 
method of conduction, the negative thermoelectric 
power of SS 28 and SS 27 indicating that the cur- 
rent in these alloys is carried by free electrons in- 
stead of by positive holes as in pure Sb.Se;. 

Use of Sb.Se, as a Thermistor: None of the an- 
timony-selenium alloys, including those containing 
small amounts of third elements, is suitable for use 
in thermoelectric generators, since those alloys 
which have sufficiently high thermoelectric power 
unavoidably have a resistivity which is much too 
large for efficient production of power by the 
thermoelectric effect. 

However, the properties of Sb.Se, indicate that it 
may have useful applications as a thermistor mate- 
rial. Thermistors are thermally sensitive resistors 
made of semiconductors whose resistance changes 
rapidly with the temperature. Widely used today 
as circuit elements, particularly in the communica- 
tions field, and for other special purposes, they have 
been fully discussed in a survey article by Becker, 
Green and Pearson”. 

Research on semiconductors has shown that, in 
general, those which have a large resistivity also 
have a large value of AW. For example, if the values 
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of resistivity and AW reported by Becker, Green 
and Pearson™ for a large number of semiconductors 
are plotted against each other as in fig. 5, it will be 
found that the great majority of the plotted points 
will lie in a band enclosed by the two parallel lines 
shown. Christensen” remarks that the best mate- 
rials for use as thermistors will have a combination 
of properties which lie near the lower line of fig. 5. 
In other words, the resistivity should be as low as 
possible consistent with a high temperature co- 
efficient. (The temperature coefficient of resistance 
is proportional to AW.) When the values of re- 
sistivity and AW for annealed Sb.Se, (alloy SS 8) 
were plotted on fig. 5, the point for this alloy was 
located near the lower line, indicating that it might 
make a good thermistor material. 

One requirement of a thermistor is that it should 


Table IV. Effect of Impurities on Sb.Se, 


Added (ohm cm eu 
Alloy Antimony Impurity* at 25°C) (microvolt per °C) 
SS 8 Lone Star None 71,000. +1130 
SS 18 Lone Star None 42,000. +1040 
SS 23 Lone Star None 470,000. +1080 
SS 24 RMM None 12,000. -+- 570 
SS 25 Belmont None 42. + 810 
SS 26 Belmont None 34, + 850 
SS 33 Belmont S 36. + 820 
SS 30 Belmont Te 260. + 620 
SS 31 Belmont Meg 74,000 + 170 
SS 34 Belmont Cu 1,460. + 60 
SS 29 Belmont Bi 0.64 Se 
SS 32 Belmont As fe2. == 25 
SS 28 Belmont Pb 96. — 120 
SS 27 Belmont Sn i — 160 


* The amount of impurity in the alloy was one atomic percent in all 
cases, except for SS 31 which contains much less than one atomic per- 
cent of magnesium. 


Table V. Energy Gap Values for Sb.Se, 


A W (ev.) found [rem 
Tempera- Thermo- 
p ture Co- electric 
Alloy Composition (ohm cm) efficient Power 
SS 23 Lone Star Sb 470,000. 0.84 0.64 
SS 8 Lone Star Sb 25,000. 0.80 0.78 
Pelabon ? 1,780 0.79 0.51 
(1911) 
SS 30 Belmont Sb+Te 260. 0.53 0.34 
SS 26 Belmont Sb 34. 0.43 0.49 
SS 32 Belmont Sb+<As 1.2 0.08 


be possible to vary its properties to suit specific 
applications. It had already been determined that 
the resistivity of Sb.Se, could be varied considera- 
bly by changing its impurity content. In order to 
see if the value of AW could also be changed by 
such treatment, specimens of Sb.Se, having widely 
different resistivities were selected and their tem- 
perature coefficients measured. The results are 
shown in table 5 and fig. 5. 

As shown previously, it is also possible to cal- 
culate AW for a semiconductor from the thermo- 
electric power by means of Eq 2. Values of AW so 
obtained are included in table V, where they may be 
compared with those derived from the variation of 
resistivity with temperature. In general, the agree- 
ment is not very good, but one may still use the 
thermoelectric power to obtain a rough value of 
the energy gap. Eq 2 is valid only when the thermo- 
electric power is large, i.e. when AW is large com- 
pared to 2kT. 


These data show that both the resistivity and AW 
are variable over a wide range and that the plotted 
points lie near the lower line of fig. 5 except for 
very low or very high resistivities. The point repre- 
senting Pelabon’s* data of 1911 is not considered 
very reliable since it is based on resistivity measure- 
ments made at only three different temperatures. 

Since many of the most important uses of therm- 
istors depend on the voltage-current curve having 
a region of negative slope, it was decided to deter- 
mine whether or. not the same characteristic type 
of curve could be obtained with Sb.Se;. Alloy SS 32 
was used, containing Belmont antimony and 1 at. 
pet arsenic, and a small bead thermistor made of 
this alloy gave the voltage-current curve shown in 
fig. 6. This resembles very closely similar curves 
obtained with commercially used thermistors and 
has the characteristic region of negative slope, 
where an increase in current is accompanied by a 
decrease in the voltage drop across the thermistor. 
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Effect of Solute Elements on the 


Tensile Deformation of Copper 


by Rolland Sydney French 


True stress-true strain data for copper and 
copper alpha solid solution alloys indicate that 
the strain hardening coefficient, M, is a func- 


tion of the yield strength but independent of 


and 


the solute element added. Approximately linear 
relationships were found between yield strength 


and atomic percent solute. 


OR tensile deformation, if the stress value is 

defined by the ratio of the load to the actual 
area, and the strain value by the natural logarithm 
of the ratio of the immediate length to the original 
gauge length of the sample, the resulting data when 
plotted with logarithmic coordinates result in a 
linear relation extending from the initial plastic 
yielding through the maximum load and in some 
cases, such as for copper and brass, to fracture’”. 
The normal form of the curve, therefore, is a para- 
bola, satisfying the following equation: 


S = Ke" [1] 


where S and e represent true stress and strain, K is 
a constant, and m™ is a coefficient evaluating the 
slope of the curve and designated therefore as the 
strain hardening coefficient. Hollomon’ has re- 
ported that this coefficient is a function of the yield 


strength as effected by grain size in alpha brass, 


and the carbon content and heat treatment of steel. 


In the case of steel, the value of the proportionality 
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constant is a function of the carbon content. It was 
further shown in that paper® and also by. Low and 
Prater® that, if the power relation between stress 
and strain remains valid, the strain hardening co- 
efficient m, is equal to the strain at the maximum 
or necking load. Thus, an added significant feature 
is that this coefficient may serve as an index of the 
capacity for deformation prior to localized necking 
and subsequent fracture, e.g. drawability. The con- 
stant K may be defined as the strength of the mate- 
rial at unit strain. Together the K constant and the 
m coefficient describe an alloy’s physical properties 
as far as strength and ductility are concerned for a 
particular yield strength and, in the case of steel, a 
particular carbon content. 

The work of.Lacy and Gensamer* gives data on 
alloy ferrites from which very close estimates of the 
strength of ternary and higher iron alloys have been 
made. It was the purpose of this investigation to 
develop similar data for commercial copper base 
alpha solid solution alloys. 


Preparation of Specimens 


Commercial binary alloys of copper with alumi- 
num, beryllium, cadmium, nickel, silicon, tin and 
zine were investigated. In addition, laboratory 
castings were made of a 1 pct silicon alloy and a 2 
pet aluminum alloy to complete these particular 
series. Two types of copper were used, oxygen 
free OFHC and tough pitch FC. The analyses of 
these alloys are shown in table I. 

Standard ASTM sheet tensile specimens were 
used to determine the usual physical properties of 
each alloy and to obtain stress data at strains from 
0.0005 to 0.01. Small (% in. x 3 in. x tk.) samples 
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were used to obtain stress data at strains from 0.01 
to near the ultimate load. After machining, the 
specimens were annealed under conditions indicated 
by preliminary tests to produce an 0.090 mm av- 
erage diam grain size. The copper-cadmium alloy 
was packed in charcoal to avoid scale build-up 
during the air anneal. The copper-beryllium alloy 
was quenched into iced brine to preserve the alpha 
phase. Samples were cleaned in a 10 pct sulphuric 
acid pickle solution, washed and dried. It was not 
possible to obtain a uniform grain structure, particu- 
larly for the coppers and the aluminum and silicon 
alloys, where variations from 0.070 to 0.150 mm 
were found. An attempt was made, therefore, to 
keep the largest percentage of the grain size near 
0.090 mm and the remainder larger, where only a 
small effect on the strain hardening coefficient m 
would be expected, based on Hollomon’s data? for 
alpha brass. 


Method of Test 


All of the physical testing was done with load 
ranges having a calibrated accuracy of better than 1 
pet. An autographic record of the load-elongation 
data through a strain range of 0-0.01 was made 


-using a microformer strain gauge and recorder. 


The accuracy of the extensometer was better than 
y% pct of the recorded strain over the maximum 
calibrated range of 0.02 in. The strain rate used 
was approximately 10% per sec, the load being 
varied as necessary. 

As a true strain of 0.01 is equal to an extension 
of 0.0101 ipi, in the range of the small strains de- 
sired, the unit extensions from the graphs were 
satisfactory. To obtain the actual area of the sam- 
ple at a given strain in order to find the true stress, 
the original area of the sample was divided by the 
unit extension since: 


At PAvled ol 


where A, is the original area; A is the area at the 


specified strain; 1, is the original gauge length of 


1 in.; and 1 is the final length which in these tests 
was equal to the unit extension. Thus, knowing 
the recorded load at the strain value and the true 
area, the true stress could be calculated. In this 
manner, the stresses at strains through e — 0.01 
were obtained. 
Rectangular specimens cut from strip stock were 


-used in determining stress strain relations above 


this value because round stock was not available. 


The effective strain under the conditions of aniso- 


tropic plastic flow in rectangular specimens was 
shown by Fisher® to be given by the following 


- equation: 


Ce 2/9 [ (e:-e2)” —- (€s:-@s)” + (e.-e:)*] [2] 


where e,, e, and e, are the natural strains of the 3 
principal coordinates. From the tensile data, load 
values were estimated for the small samples which 
were then loaded in tension to the desired value 
and released. The thickness and width of the speci- 
mens were measured by a micrometer and the gauge 


~ length by a microscope with a Filar eyepiece. True 
‘stress was determined from the ratio of the test 


load to the final area. True strain was computed by 


the Fisher formula from the three principal natural 
strains. 


Results 


The true stress-strain data for the alloys studied, 
when plotted on logarithmic coordinate paper, 
formed linear curves as shown in fig. 1. As noted 
in Hollomon’s study of the properties of alpha brass’, 
these curves also contain two regions of plastic flow. 
The first, accompanied by a low degree of strain 
hardening, is found in the yield strength region 
from very low strain values to a strain value of 
about 0.01. The second exists thereon through the 
localized or necking strain and exhibits a much 
more rapid rate of strain hardening. The strain 
hardening coefficient, m, the K value and a yield 
strength value at a strain of 0.01 were determined 
graphically on 5 in. cycle paper. 

While a difference exists between the yield 
strength of the two coppers, their respective data 
form a single line above a strain of 0.01 as reported 
by Jackson, et al.,’ for these metals. It will be noted 
that the strain hardening coefficient seems to de- 
crease in value with increasing solute concentration, 
and the curves tend to approach one another. 

As described previously, the strain hardening co- 
efficient defines by its own value the maximum uni- 
form strain that can be endured before localized 
necking of the sample starts. Thus, the true stress 
at the ultimate load, Sn, can be found at this strain. 


Table I. Chemical Composition of Alloys 


Pct Solute Pct Weight 
Alloy Weight Atomic Copper Other Elements 
OFHC 99.997 P.Mn Sb As Sn Bi Zn 0.000; 
Si Al Ag Cd 0.60; 
Pb Fe Ni 0.001 
FC Zn Al Sn 0.00; Pb Ni 0.001; 
Fe 0.002 
Al 2.09 4.80 97.90 Pb 0.003; Fe 0.005 
Al 5.96 13.00 93.66 Si 0.05; Pb 0.003; Fe 0.03; 
Zn 0.03; As 0.23 
Be 2.26 12.60 97.23 Al 0.15; Si 0.08; Sn 0.07; 
Fe 0.06; Ni 0.15 
Cd 0.98 0.56 99.01 Fe 0.003; Ni 0.001; Pb 0.001 
Ni 9.58 10.30 89.57 Fe 0.80; Zn Mg 0.01; Pb 0.003 
Ni 29.41 31.50 69.42 Mn 1.12; Fe 0.01; Pb 0.003 
Ni 31.03 33.25 67.50 Mn 1.08; Fe 0.32; Zn 0.05; 
Mg Al 0.01 
Si 1.14 2.55 98.85 Fe 0.005; Pb 0.003 
Si PIAS 4.51 97.88 Ni Pb 0.001; Fe 0.01 
Si 2.97. 6.47 96.88 Fe Zn 0.05; Ni Sn 0.02; 
Pb 0.003 
Sn 1.02 0.74 98.86 P 0.1; Zn 0.01; Pb 0.003; 
Fe 0.005 
Sn 5.37 3.95 94.25 P 0.12; Zn 0.25; Pb Fe 9.004 
Sn 8.44 6.27 91.25 P 0.10; Zn 0.20; Pb 0.003; 
Fe 0.005 . 
Sn 9.90 7.38 89.85 P 0.15; Zn 0.04; Pb Fe 0.004 
Zn 595 9.69 90.62 Ni 0.02; Pb 0.003; Fe 0.004 
Zn 20.60 20.15 79.38 Ni 0.01; Pb 0.005; Fe 0.067 
Zn 30.68 30.05 69.31 Pb 0.005; Fe 0.004 
Table II. Relative Solute Effectiveness 
So.o1 per Atom pct DPH per Atom pct7z 
Solute A, psi Zinc =1 Zine =) 
SZ 200 1 1 
Ni 400 2 0.91 
Al 500 2:5 2.45 
Si 700 3.5 2.54 
2 ee —_ 6.9 
Cd, Be 1400 7 a 
Sn 2600 13 ATL 
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STRAIN HARDENING EXPONENT, M 


value and the normal tensile strength calculated. 
Such calculations were made for these alloys and, 
without a correction for the effective strain, the 
calculated tensile strengths were within 12.7 pct of 
the experimentally obtained values from the ASTM 
type tensile specimens. 


Discussion of Results 


MacGregor’ was one of the first investigators to 
point out the possibilities to be derived from true 
stress-strain data when studying deformational 
characteristics of a metal during cold work, and sug- 
gested that the maximum strain prior to necking 
was a valuable criterion for such a study. Fig. 2 
shows this value, m, plotted as a function of solute 


STRESS AT STRAIN OF .OI 


(1000 PSI) 


Fig. 4—Effect of Yield Strength Soo. 
on the Strain Hardening Exponent (M) 
Independent of Solute Element. 


Fig. 5—Effect of Solute Concentration 
on the Yield Strength (So.0). 


concentration for each of the alloys and these curves 
appear to indicate the loss in ductility experienced 
when these solute elements are alloyed with copper. 
The effect is a nonlinear one for these elements with 
cadmium, tin and beryllium having the greatest 
effect, and aluminum and zinc the least, for a given 
solute concentration. The maximum effect ap- 
parently occurs with small solute additions before 
their limit of solubility in copper is approached. 
Thermodynamically, both tin and beryllium are 
supersaturated solid solutions, and cadmium nearly 
so. 

The true stress at the necking strain, Sm, plotted 
as a function of solute concentration is shown in 
fig. 3. In this analysis a linear relation does seem 
to exist and the alloys are grouped into four gen- 
eral classifications. On an atomic percent basis of 
added solute element, cadmium has the largest 
effect and would probably lead to some rather in- 
teresting alloys were it not so limited solubility- 
wise. This element is followed by aluminum, 
beryllium, silicon and tin to form a second group. 


In the last two groups, nickel and zinc have the 
least effect on the strength of copper, in that order 
In general, zinc has been found to have a greate1 
strengthening effect than nickel, and this is un- 
doubtedly true for the usual commercial fine grain 
sizes. For an average grain size of 0.090 mm ir 
these samples, their positions have been reversed 

It is interesting to note that, if the amount of 
solute element necessary to reduce the tensile duc- 
tility of copper by 10 pct from a necking strain 
value of m = 0.575 to m = 0.518 is obtained from 
fig. 2, and then the corresponding percent increase 
in the true strength of these alloys over copper 
is interpolated from fig. 3, the following approxi- 
mate increases over the strength of copper are 
found: 


Pet 
Tin and Zine sa. 1/3 
Nickel 6 2/3 
Beryllium Peal 2 
Silicon 20 
Aluminum 35 3/4 


The K constant of Eq 1 might well be defined as 
the modulus of plasticity since it is equal to a ratio 
of stress to strain. When the K values are plotted 
as a function of the atomic solute concentration, as 
were the necking stress values in fig. 3, practically 
identical groupings of curves result except that the 


n 
a 


20 


O| (1000 PSI) 


STRESS AT STRAIN OF 


ATOMIC PERCENT SOLUTE 


stress ordinate is magnified 14% times and the stress 
origin is found at 83,000 psi, the K value for copper. 

When the true stress-strain data of a prestrained 
sample is compared with values of a similar sample 
in the soft condition, its curve lies above that of 
the soft specimen and is found to have a seemingly 
lower strain hardening coefficient. By utilizing this 
concept, attempts were made to account for solute 
strengthening as a tensile prestrain in the copper 
lattice. While it is simple enough to determine the 
prestrain of copper necessary to produce an m co- 
efficient corresponding to one of its alloys, the 
latter's K value is always higher by a considerable 
amount than the K value of the prestrained copper. 
Thus, it appears that if there is a strain-strength- 
ening effect in the copper lattice due to alloying, it 
is not uniquely defined by tensile deformation. 

It has been pointed out by Hollomon’ that for steel 
samples of equal yield strength and carbon content 
the strain hardening coefficient is constant. It was 
also reported in the same paper that for cartridge 
brass of various grain sizes and yield strengths a 
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similar situation existed. If the true strength value 
at a strain of 0.01 is selected as the yield strength 
(Soo), then the following equation describes the 
relationship with the strain hardening coefficient, m: 


Hips CHA(OSoco) [3] 


where C is a constant characteristic of the base ma- 
terial and n is an exponential constant independent 
of the composition. 

The strain hardening coefficients of the alloys 
tested in this work were plotted as a function of 
the yield strength as defined above, and the results 
are shown in fig. 4. While the data do not form a 
single line, they fall within a band that satisfies 
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Fig. 6—Relation between Yield Strength 
(So..) and Diamond Pyramid Hardness. 


Fig. %7—Effect of Change in Lattice 
Parameter on the Change in Yield 
Strength (So.0.) 


as produced by the addition of the indicated solute 
elements to copper. 


Eq 3. Graphical solutions of these data yield 
| mn = 0.235 and C = 4.50 + 0.25. The width of the 
_ band may be the result of variations in grain size. 
However, the slope is considerably more shallow 
_ than Hollomon’s value of 0.5 for alpha brass. In 
4 general, nevertheless, the solute concentration of 
the various alloys in copper affects the strain 

hardening coefficient indirectly by changing the 
yield strength. Therefore, it becomes of interest to 
study the effect of alloying upon the yield strength 
&. Of copper. 

: Fig. 5 shows the yield strength, So.1, plotted as a 
- function of the solute concentration. The relation 
"appears to be linear. Tin, as perhaps might be ex- 
pected, has the greatest influence upon this prop- 
erty of copper, while cadmium and beryllium are 
next and, as in other studies, nickel and zinc the 
least. These data lead to the following equation: 


INS en — XA é 
where AS,.: is the increase in yield strength above 


that of copper, X is the atomic solute composition, 
and A is a constant of the solute defining the in- 
crease in yield strength for one atomic percent of 
the solute. These A values are shown in table II in 
the first column, compared to the values reduced to 
zinc — 1 in the second, and compared in the last 
column to similar results of Brick, Martin and 
Angier’ obtained from DP hardness data. 

In fig. 6 the yield strengths of the alloys investi- 
gated have been plotted as a function of the hard- 
ness of the unstrained samples. The data, while a 
bit scattered, is linear of the following form: 


Soo == 270(DPH) — 4000 


Thus, a strengthening of 270 psi is approximately 
equivalent to a hardening of one DPH number. 
The increase in the yield strength for each atomic 
percent of solute addition is plotted against the 
corresponding lattice parameter change in fig. 7. 
An approximately linear relationship exists indi- 
cating that a change in lattice parameter of about 
0.1 pct increases the yield strength by about 900 psi. 
As may be expected, the effect on yield strength 
appears to be a more basic consideration than the 
hardness change plotted in fig. 8. This curve is sim- 
ilar to that of Brick, Martin and Angier’ except that 
nickel and zinc are reversed and the hardness value 


S.oiCHANGE PER ONE ATOM % X lO7@ 


te) | 2 3 4 5 6 7 8 9 10 
LATTICE PARAMETER CHANGE PER ONE ATOM % X 103 


of tin is lower (e.g., the beryllium value will fit 
right on their curve). The noteworthy deviations 
from the linear curve are silicon where a small 
parameter change produces a marked DPH change, 
and cadmium where a marked parameter change 
produces a very small DPH change. 


Summary 


1. True stress-true strain data have been deter- 
mined for OFHC and FC copper and alloys of 
copper with the following solute additions: 


Al, Be, Cd, Ni, Si, Sn, Zn. 


When these data are plotted on logarithmic coordi- 
nates they form linear curves which satisfy a power 
equation. The constants of this equation, i.e. the 
K value, described as the modulus of plasticity, and 
the m value or strain hardening coefficient, have 
been determined graphically together with the true 
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strength at a strain value of 0.01, designated as the 
yield strength. 

2. The anomolous yielding found by Hollomon’ 
in brass through strains of about 0.01 with only a 
slight contribution to the strength, was also found 
in the two coppers and in all the copper alloys 
studied, and appears to be characteristic of the 
copper base alloys. 

3. The effect of various solute elements upon the 
necking or ultimate strength and the corresponding 
strain of these samples varies according to the solute 
present but always to increase the ultimate strength 
and to decrease the ability to withstand deformation 
prior to necking. 

4. It was not possible to describe solute strength- 
ening in terms of a tensile prestrain of copper due 
to alloying, for this theory does not account for the 


Fig. 8—Effect of Change 

in Lattice Parameter on 

the Change in Diamond 
Pyramid Hardness 


as produced by the addition of 
the indicated solute elements to 
copper. 


HARDNESS CHANGE PER ONE ATOM % 


high modulus of plasticity, K values, found for the 
alloys. 

5. As had been previously found for steel and 
cartridge brass, a relation exists between the strain 
hardening coefficient, m, and the corresponding 
yield strength values of these alloys. This relation 
is independent of the solute element employed. 

6. Simple linear relations were found between 
the yield strength and the concentration of the vari- 
ous solutes indicating that of the elements studied, 
tin was the most effective strengthener and zinc 
the least. If these strength values are compared on 
an atomic percent basis to that found for zine, it is 
found that they increase in simple multiples. These 
multiples compare favorably to similar values re- 
ported by Brick, Martin and Angier’ determined 
from diamond pyramid hardness data. 

7. A linear relation was found to exist between 
the DPH values of the coppers and the alloys and 
their respective yield strengths, indicating that 
metallic hardness as measured by this instrument is 
a direct function of the true yield strength. 

8. Therefore, it appears that solute strengthening 
is caused by solute ‘yield strengthening” and that 
the yield strength controls the hardness and strain 
strengthening value or slope of the log stress-log 
strain curve through the necking values of strength 


and deformation, and quite likely to fracture. The 
yield strength, therefore, becomes the fundamental 
basis of comparison of the effect of solute elements. 

9. The change in yield strength appears to be 
basically a function of the change in lattice para- 
meter produced by the solute addition. The effect 
on yield strength appears to be more fundamental 
than the effect on hardness. 

10. Based on the relations developed from the 
data in this paper, Eq 1 may be rewritten in terms 
of yield strength and solute concentration to de- 
scribe the approximate relation of true stress and 
true strain for the copper base alloys studied. 

S= (YS + XA) (e/0.01) exp C/(YS + XA)" 
where S and e are the true stress and strain; YS is 
is the yield strength of copper at a strain of 0.01 
(7200 psi); X is the atomic percent of the solute; 


2 3 4 5 6 Te 8 9 10 
LATTICE PARAMETER CHANGE PER ONE ATOM % X 10> 


A is a constant characteristic of the solute; and C 
and n are independent constants describing strain 
hardening in copper or copper base alloys, and equal 
to 4.50 + 0.25 and 0.235, respectively. 
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A Preliminary Investigation of the 


by Henry H. Hausner 
and 


Herbert S. Kalish 


Zirconium-Beryllium System 


By Powder Metallurgy Methods 


The powder metallurgical approach was used to study the system Be-Zr since 


the metals beryllium and zirconium are particularly amenable to powder metal- 
lurgy methods and have received wide interest of late. Condition of the specimens 
after sintering, metallographic examination, and X ray diffraction studies revealed 
enough information to enable the authors to construct a preliminary phase diagram 
after only three weeks of experimental work. 


N recent years zirconium and beryllium have be- 

come of great interest because of their special 
properties. Zirconium is known for its remarkable 
ability to absorb the gases oxygen, nitrogen and 
hydrogen, has extensive use as a getter in electron 
tubes and has indeed become the primary metal in 
the manufacture of photoflash bulbs. Beryllium is 
of interest because it is light metal and as such 
could supplement aluminum and magnesium in 
light metal applications. 

The late development of zirconium ductile at 
room temperature produced by both the iodide and 
ealcium reduction methods has stimulated fre- 
_ quent articles on this metal in the recent literature. 
_ Beryllium is so closely akin to zirconium crystall- 
ographically that some investigators:* are of the 
opinion that beryllium should be ductile at room 
- temperature if it were pure enough. 

4 The crystallographic relationship of beryllium 
- and zirconium, the interest created in Be-Zr alloys 
where the zirconium is believed to function as a re- 
mover of solid solution gas in beryllium and thus 


- inerease the ductility of the beryllium rich alloy, 


and the amenability of these metals to powder met- 
allurgy methods stimulated this approach to an in- 
_ vestigation of the system Be-Zr. 

_ Preliminary work showed that a zirconium com- 
— pact 


alloys. In 1936 Misch* vaguely identified the com- 
pound ZrBe, and reported that it has a deformed 
cubic structure. Two patents,* ° were issued to Mach- 
lett Laboratories in 1943 and in 1946 regarding the 
addition of small amounts of zirconium to beryllium 
in order to improve the ductility of beryllium so 
that it may better be used for X ray windows. In 
considering the alloy formation of beryllium with 
other metals Raynor’ thought it unlikely that zir- 
conium would have any solid solubility in beryllium. 
From this indefinite information nothing could be 
ascertained about the possible use of Zr-Be alloys 
or the use of these metals intimately. 

A brief preliminary study of the system Zr-Be 
by powder metallurgy methods was undertaken to 
provide regions for more intense studies of Zr-Be 
alloys and as a guide to a formal phase diagram 
determination. The investigation described in the 
following pages was completed in less than three 
weeks. 

The usefulness of this rapid method to facilitate 
phase diagram studies and new alloy investigations 
will be shown. 

Materials and Procedure 

Zirconium powder was produced from crystal bar 
stock of high purity supplied by Foote Mineral Co. 
The crystal bar was converted to hydride at 730°C, 

crushed, and the hy- 


melted when 
pressed in contact dride decomposed in 
with a_ beryllium HENRY H. HAUSNER is Section Head, and HER- purified argon — at 
BERT S. KALISH is Senior Engineer, Special Prod- 850°C. 760" peter 


compact and sintered 
meat -1250°C, - without 
any apparent final 
bond between the 
_ two. 
moon search of’ the 
literature revealed 
- nothing pertinent 
_ about the Zr-Be sys- 
tem or about any 
- zirconium - beryllium 


ucts Sect., Metallurgical Laboratories, Sylvania Elec- 
tric Products Inc., Bayside, N. Y. 

New York Meeting, Feb. 1950. 

TP 2753 E. Discussion may be sent to Trans. AIME 
before Apr. 1, 1950, and is scheduled for publication 
Nov. 1950. Manuscript received Oct. 17,1949. 

The work described was done for the Atomic Energy 
Commission in the laboratories of Sylvania Electric 
Products Inc. This report is published with permis- 
sion of the Commission. 
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the powder passed 
through a 325 mesh 
screen, 40 pct of the 
powder was —140 
mesh, +325 mesh 
and the average par- 
ticle size of the total 
was 8 to 12 microns. 

The beryllium pow- 
der was used as re- 
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O —~— SINTERED AT 950°C. 
A —-—SINTERED AT !1000°C. 
SINTERED AT I100°C. 
—— SINTERED AT 1350°C. 
% SINTERED AT 1350°C. POWDER 
PREVIOUSLY SINTERED AT 
1100° Cc. 


Fig. 1—The Effect of 

Composition on the 

Density of Zr-Be 
Mixtures. 


DENSITY, GMS. PER CM. 


79 10 20 30 40 50 60 70 80 90 Be 
COMPOSITION, WT. PERCENT Be 


Table I. 


Effect of Sintering Zirconium-Beryllium Mixtures at Various Temperatures 
for 2 hours in Vacuum (0.15) 


Density g per cm® 
Sinter- a Volume 
Composition ing Change on 
We. Pct Temp. Sample Theo- Pressed at Sintering 
Zr/Be Xe} No. retical 40 tsi Sintered Percent Appearance After Sintering 
100/0 950 ZB-2 6.5 4.87 5.43 —10.9 Normal bright 
100/0 1000 ZB-1 6.5 4.87 5.7 —15.2 Normal bright 
100/0 1100 ZB-3 6.5 4.87 6.12 —21.7 Normal bright 
98/2 950 ZB-6 6.18 4.63 5.42 —16.4 Some signs of slight melting 
98/2 1000 ZB-5 6.18 4.63 6.11 —24.8 Melted 
98/2 1100 ZB-7 6.18 4.63 6.10 —23.6 Melted 
95/5 950 ZB-10 5.78 4.33 5.18 —17.6 Some signs of slight melting 
95/5 1000 ZB-9 5.78 4.33 5.58 —23.0 |Melted 
95/5 1100 ZB-11 5.78 4.33 5.69 —23.6 Melted 
90/10 950 ZB-14 5.21 3:98 4.37 —12.0 i i i 
90/10 1000 ZB-13 3.21 3.91 4.87 watt 2) eeee ee aeurentete 
90/10 1100 ZB-15 5.21 3.91 4.92 —22:2 [Slightly melted 
80/20 950 ZB-18 4.33 3.24 2.03 S72 Friab 
80/20 1000 ZB-17 4,33 3.24 1.97 ice oe 
80/20 1100 ZB-19 4.33 3.24 1.91 +68.3 Friable 
80/20 1350t ZB-20 4,33 3.24 2.94 —9.2 Slightly melted* 
60/40 950 ZB-22 3.24 2.43 1.098 11322 i 
60/40 1000 ZB-21 3.24 2.43 0.98 - nae ee frisple 
60/40 1100 ZB-23 3.24 2.43 1.01 +135.0 Very friable 
60/40 13507 ZB-24 3.24 2.43 0.84 +171.0 Very friable 
40/60 950 ZB-26 2.60 1295; 0.88 112.0 i 
40/60 1000 ZB-25 2.60 1.95 0.75 Tis aerate Triable 
40/60 1100 ZB-27 2.60 1.95 0.64 +187.5 Extremely friable 
40/60 1350f ZB-28 2.60 1.95) 0:76 +109 Very friable 
20/80 950 ZB-30 2.16 1.62 1.00 57.0 i 
20/80 1000 ZB-29 2.16 1.62 0.88 er Facble 
20/80 1100 ZB-31 2.16 1.62 0.73 +115.0 Friable 
20/80 13507 ZB-32 2.16 1.62 2.11 —35.6 Just above solidus, dense 
10/90 950 ZB-34 2.00 1.50 1.18 i 
10/90 1000 ZB-33 2.00 1.50 1.10 ace Friable 
10/90 1100 ZB-35 2.00 1.50 1.02 +40.3 Friable 
10/90 13507 ZB-36 2.00 1.50 1.87 —30.00 Melted* 
5/95 950 ZB-38 1.92 1.44 121 \ i 
5/95 1000 ZB-37 1.92 1.44 1.18 dire oe feeble 
5/95 1100 ZB-39 1.92 1.44 1.27 Hip tices Sosacwhat fstcble 
13507 ZB-49 1.92 1.44 — —_ Formed bubble 


* Dense except for gas bubble. 
t+ Specimens at 1350°C sintered for 4 hr. 
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X —-— SINTERED AT 950°C. 
O —-— SINTERED AT 1000°c. 
SINTERED AT I100°C. 
SINTERED AT 1350°C. 
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Fig. 2—The Effect of Composition and Sintering 


Temperature on the Volume Change of Zr-Be 


Mixtures. 


Fig. 3 and 4—Sintered Zirconium-Beryllium Mixtures. 


Pressed at 40 tsi. Sintered in vacuum (0.15) at 1100°C for 2 hr. 250X. 
Polarized light. Unetched. Fig. 3 (above)—98 pct Zr—2 pct Be. Top 


c regions of sample. Fig. 4 (below)—98 pct Zr—2 pct Be. Bottom regions 


of sample. Both micrographs slightly reduced in reproduction. 


ceived from Brush Beryllium Co. It was all —200 
mesh, 17 micron average particle size, and is of the 
highest purity available. 

The beryllium and zirconium were mixed in 
argon for 2 hr to produce the following composi- 
tions: 2, 5, 10, 20, 40, 60, 80, 90 and 95 pct Be. After 
mixing, the powders were stored in argon until 
ready for use. Pressing was done in air at 40 tsi to 
make compacts 0.803 in. in diam, 0.200 in. thick. 

The compacts were packed in beryllia powder in 
a beryllia boat and sintered in vacuum at 950, 
1000, and 1100°C, for 2 hr and 1350°C for 4 hr. The 
vacuum reached 1.5 x 10* mm Hg or better at the 
sintering temperature in all runs. It took from 
3% to 5 hr to reach the desired temperature and 
about 20 hr to cool the specimens in the furnace 
to below 100°C. 

Results of Sintering 

The appearance of the samples after sintering, 
the dimensional changes, and the densities at each 
temperature indicate the type of alloying which 
occurs in the Zr-Be system. From table I it can 
readily be seen that some slight melting occurs be- 
tween 2 and 10 pct Be at 950°C. At 1000°C the 2 
and 5 pct Be mixtures appeared completely molten. 
It is likely, therefore, that the liquidus line at these 
compositions is slightly below 1000°C. It may be 
concluded, from even this cursory examination, that 


Fig. 5 and 6—Sintered Zirconium-Beryllium Mixtures. 
Pressed at 40 tsi. Sintered in vacuum (0.15u) at 1100°C for 2 hr. 250X. 


Polarized light. Unetched. Fig. 5 (above)—95_ pct Zr—5 pct Be. Top 
regions of sample. Fig. 6 (below)—95 pct Zr—5 pct Be. Bottom regions 
of sample. Both micrographs slightly reduced in reproduction. 
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a eutectic exists somewhere between 2 and 10 pct Be 
and that the melting point of the eutectic is some- 
what less than 950°C. 

The slight amount of melting which occurs after 
4 hr at 1350°C indicates that the 20 pct Be alloy is 
above the solidus at this temperature. The very 
friable product from sintering the 40 and 60 pct 
Be alloys at 1350°C implies that the melting point 
of these compositions is quite high. Melting oc- 
curred in the high beryllium alloys, i.e. 80 pct Be 
and higher, at 1350°C, but 1100°C appeared to be 
well below the melting point of these alloys. There 
is, then, no suggestion of eutectic melting of the 
beryllium rich alloys. 

To substantiate these ideas the data of table I, 
viz. densities and volume change, have been plotted 
as functions of composition at the four sintering 
temperatures. Fig. 1 clearly shows the approach 
of the 2 and 5 pct alloys, particularly 2 pct Be, to 
the theoretical density even at 1000°C indicating 
the completeness of the degree of melting. Beyond 
this composition the mixtures demonstrate a greater 
deviation from theoretical density until there is as 
much as 80 pct Be present when the density again 
approaches theoretical, but only at 1350°C. From 
20 to 60 pct Be the mixtures have final densities less 
than the as-pressed condition inferring growth on 
sintering, the amount of growth increasing with 


Fig. 7 and 8—Sintered Zirconium-Beryllium Mixtures. 


Pressed at 40 tsi. Sintered in vacuum (0.154) at 1100°C for 2 hr. 250X. 
Polarized light. Unetched. Fig. 7 (above)—90 pct Zr—10 pct Be. Fig. 8 
(below)—80 pct Zr—20 pct Be. Slightly reduced in reproduction. 


higher sintering temperature. This is clarified fur- 
ther in fig. 2 where the amount of growth and 
shrinkage can be readily observed. 

The remarkable growth of the alloys in the vicin- 
ity of 40 to 60 pct Be indicates the formation of a 
high melting point phase probably accompanied by 
a considerable change in volume due to a large 
alteration of the crystal structure from-that of the 
original components. Even at 1350°C no indications 
of sintering have been observed. If some of the 
powder from the friable sintered compact is re- 
pressed and sintered at 1350°C it will result in a 
fairly well sintered alloy as shown in fig. 1 for the 
40 and 60 pct Be compositions. 


Metallographic Examination 


The structure of the Zr-Be alloys is well revealed 
in the as-polished condition in polarizéd light. Fig. 
3 shows the eutectic structure present in a 2 pet 
alloy. This eutectic appears to be a mixture of Zr 
rich solid solution, a, and a second phase which will 
be called y. The a phase polarizes and is brown in 
appearance. The Zr without Be in solid solution in 
Fig. 9 and 10—Sintered Zirconium-Beryllium Mixtures. ONE eae amounts does not polarize. This shows 
Pressed at 40 tsi. Sintered in vacuum (0.15) at 1100°C for 2 hr. 250X. up Irequently as dark areas in the center of the a 
palates eee {sbone) ice et ee als ee edo phase grains demonstrating that equilibrium had 

repeodietions: not been attained. The bottom regions of the speci- 


62—JOURNAL OF METALS, JAN. 1950, TRANSACTIONS AIME, VOL. 188 


Fig. 11 and 12—Sintered Zirconium-Beryllium 
Mixtures. 
Pressed at 40 tsi. Sintered in vacuum (0.154) at 950°C for 2 hr. 250X. 
Polarized light. Unetched. Fig. 11 (above)—98 pct Zr—2 pct Be. Fig. 12 


(below)—95 pct Zr—5 pct Be. Both micrographs slightly reduced in 
: reproduction. 


men, fig. 4, did not reveal as much lamellae as the 
top portions, fig. 3. Undoubtedly the specimen was 
well in the mushy state so that the less dense 
beryllium rich liquid ascended to the top of the 
sample bringing it closer to the eutectic composi- 
tion. At the bottom of the compact the molten 
phase solidified in between the solid grains of a 
phase and formed very little lamellar structure. 
Actually the amount of y phase in the bottom por- 
tion of the specimen is only slightly less than the 
amount of this phase in the top regions as indicated 
_ “by the white to grey appearance of the y phase as 
compared to the brown color of the a phase. 
Be ~The 5 pct Be alloy had large amounts of eutectic 
- present after sintering at 1100°C, fig. 5. Again the 
bottom regions of the sample, fig. 6, did not reveal 
the lamellar structure and the explanation is quite 
_- the same as given above for the 2 pct alloy. It is 
- difficult to ascertain whether any proeutectic y 
phase is present even in the 10 pct Be alloy, fig. 7, 
but from the degree of melting as observed in table 
- J it appears reasonable to conclude that the eutec- 
- tic composition is in the vicinity of 5 pct or perhaps 
less Be. The lack of lamellae in the 10 pct alloy 
can be attributed to the fact that this alloy melted 
only slightly. : a 
Examination of the structure after sintering at 
950°C, fig. 11 to 14, reveals the presence of amounts 


of y phase characteristic of the mixtures after sin- 
tering at 1100°C. No lamellae were present, how- 
ever, after sintering at the lower temperatures. 

A friable expanded compact resulted from sin- 
tering the 20 pet Be mixture at 950, 1000, and 
1100°C. Thus the large number of voids present in 
fig. 8 and 14 makes the structure difficult to inter- 
pret. It would appear that the structure is a single 
phase affair composed entirely of y phase. After 
sintering for 4 hr at 1350°C, however, two phases 
can definitely be distinguished with some evidence 
of a third phase as shown in fig. 15. The matrix 
phase is the light polarizing one identified as y~ 
phase. The darker polarizing grains in the matrix 
are referred to as § phase. The third phase in ques- 
tion is that composed of the very small angular 
grains within the matrix. At times these grains 
have an excellent parallelogram configuration. It is 
likely that this is also § phase which crystallizes 
out of the y rich liquid. The polarizing character- 
istics and color of these crystallites is very similar 
toe that of the 6 phase. 

Sintering 40 and 60 pct Be mixtures at 1350°C 
resulted in a very friable compact which could not 
be examined metallographically. The powder pro- 
duced by heating these mixtures at 1100°C was 
pressed and sintered at 1350°C to produce a speci- 


Fig. 13 and 14—Sintered Zirconium-Beryllium 
Mixtures. 
Pressed at 40 tsi. Sintered in vacuum (0.154) at 950°C for 2 hr. 250X. 
Polarized light. Unetched. Fig. 13 (above)—90 pct Zr—10 pct Be. Fig. 


14 (below) 80 pct Zr—20 pct Be. Both micrographs slightly reduced in 
reproduction. , 
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men which had appreciable shrinkage on sintering 
and was not friable. Fig. 16 through 19 show the 
microstructure of these specimens. In fig. 16 a 
single phase polarizing structure is present which 
cannot definitely be distinguished from the 6 phase, 
but which appears to have stronger polarizing char- 
acteristics. X ray evidence which will be presented 
later proves that this is indeed a single phase struc- 
ture different from the § phase and which will be 
called the « phase. Notice the large number of 
voids and cracks shown in fig. 17 indicating that 
even at 1350°C the alloy was far below the melting 
point or a suitable temperature for sintering. 

When 60 pct Be is present sintering is somewhat 
better, fig. 19, but a large number of voids and 
cracks are still present. The phase present at this 
composition is entirely new. It is nonpolarizing 
and appears black under polarized light, fig. 18, ex- 
cept for the presence of cracks and voids. This shall 
be called » phase. The large rectangular grain in 
the upper left of fig. 18 and 19 is unusual as to size 
only. The sharp angular configuration of the grains 
is a typical characteristic of 7 phase. 

At 80 pct Be, fig. 20, a matrix of Be or Be-rich 
solid solution is produced.which shall be referred 
to as @ phase, containing the angular grains of y 
phase. This matrix is identical in appearance to 
pure Be. It is composed of very large grains. A 
0-@ phase grain boundary is shown in fig. 20. The 
90 and 95 pet Be compositions are identical to the 
80 pct mixture except that there are fewer grains 
of » phase present with increasing Be content. 


X Ray Diffraction Studies 


X ray analysis of all the compositions studied re- 
vealed the presence of six different phases (at room 


Fig. 15—Sintered Zirconium-Beryllium Mixtures. 


Pressed at 40 tsi. Sintered in vacuum (0.15) at 1350°C for 4 hr. 250X. 
Polarized light. Unetched. 80 pct Zr—20 pct Be. Slightly reduced in 
: reproduction. 


temperature) across the Zr-Be system. Table II 
shows the results of X ray diffraction work on sev- 
eral compositions which had. been sintered at 
1100°C and other compositions sintered at 1350°C. 
Where X ray data are available at both sintering 
temperatures the higher is the most significant since 


a longer time at temperature was used and the 
higher temperature in. conjunction with slow cool- 
ing should give a good approach to an equilibrium 
structure. : 

The a phase is merely Zr or Zr containing Be in 
solid solution. The @ phase is Be or Be-rich solid 
solution. These two phases are hexagonal close 
packed. Of the other four phases only one has been 
identified structurally. It is the 7 phase which is 
simple cubic and may be an intermetallic com- 
pound or the product of a peritectic or monotectic 
reaction. 

No attempt was made to determine the exact 
composition or formation temperature of these 
phases because of the preliminary nature of this 
work. In addition where the crystal structure ap- 
peared to be complex it was not ascertained. 

To better show the location of the various phases 
a hypothetical phase diagram, fig. 24, was made on 
the basis of condition of specimens after sintering, 
microstructure, and X ray data. No point on this 
diagram is meant to be definite except within very 
broad limits. 

The eutectic reaction at the Zr-rich end of the 
diagram is quite apparent from the low temperature 
melting and appearance of the microstructure in 
this range. The reactions for formation of the y, 6 
e, and 7 phases are uncertain, but their location 


Fig. 16 and 17—Sintered Zirconium-Beryllium 
: Mixtures. 


Pressed at 40 tsi. Sintered in vacuum at 1100°C. Friable compact pow- 

dered, repressed, and sintered in vacuum (0.10u) at 1350°C for 4 hr. 

250X. Unetched. Fig. 16 (above)—60 pct Zr—40 pct Be. Polarized light. 

Fig. 17 (below)—60 pct Zr—40 pct Be. Bright field. Same field as Fig. 16. 
Both micrographs slightly reduced in reproduction. 
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Pressed at 40 tsi. 


Fig. 18 and 19—Sint 


& 


ered Zirconium-Beryllium 
Mixtures. 
Sintered in vacuum at 1100°C. Friable compact pow- 


dered, repressed and sintered in vacuum (0.10) at 1350°C for 4 hr. 
250X. Unetched. Fig. 18 (above)—40 pct Zr—60 pct Be. 


Fig. 19 (below)—same fiel 


Polarized light. 
d. Bright field. Both micrographs slightly re- 
duced in reproduction. 


Table II. X Ray Analysis of Zirconium-Beryllium Mixtures Sintered for 2 hours at As 
1100°C and 4 hours at 1350°C in Vacuum (0.15,) 


: Composition Sinter 
es SoWt..Pct Temp. 
, Zr per Pct Be XG; 
a 
~-100/0 1100 
é 98/2 1100 
90/10 1100 
80/20 1100 
80/20 1350 
60/40 1100 
60/40 1350 
= == 60/40 1350* 
= 40/60 1100 
40/60 1350 
f 40/60 1350* 
20/80 1350 
10/90 1350 
5/95 1100 
5/95 1350 


a Phase 
HCP 
Normal Zr 
Pattern 


vs (pure Zr) 
vs 
™ 


with regard to composition has been approximately 
determined from X ray study and microstructure. 
It appears certain from the microstructures and de- 
crease in melting point with increasing Be content 
from 60 to 100 pct that no important eutectic re- 
action occurs at the Be-rich end of the phase dia- 
gram. Probably a eutectic or peritectic occurs very 
close to 100 pct beryllium, but this cannot be de- 
cided until an exact determination of the invariant 
line between the 7 + L and » + 4@ fields is made. 
Tentatively the invariant line is placed slightly be- 
low the melting point of Be and a eutectic is in- 
dicated in fig. 24. 

Similarly there is no proof for the peritectic re- 
action 8 + L — a, but only this or a eutectic reac- 
tion could occur to accompany the a to £ transfor- 
mation in zirconium. It seems more logical to as- 
sume tentatively a peritectic reaction since it would 
tend to indicate a larger a solid solution field. The 
existence of a rather extensive solid solubility is 
inferred by the quite obvious alteration in amount 
of Be from the outside to the center of a grains in 
fig. 3 and 4. 

The y phase can be very nicely located to coincide 
with the ZrBe, intermetallic compound reported by 
Misch®. More X ray data are needed to substantiate 
this premise, however. 


Conclusions 


From preliminary study of the Zr-Be system 
there are indications that some interesting alloys 
can be developed. The system contains a relative- 
ly low melting point eutectic and several high melt- 
ing point phases. The influence of small amounts 
of zirconium in beryllium could be most important 
in the powder metallurgy of beryllium rich alloys 
since the zirconium would increase the melting 
point while the solidus line remained at approx- 
imately 1280°C. Fur- 
thermore the pres- 
ence of 7 phase might 
influence the ductility 
of beryllium rich 
alloys. 

yet virtually 

nothing is known 

about the properties 


seer ) of these alloys. Their 
Be hl hh geci| Nomad Be.) physical and mechan- 
Phase | Phase | Phase | Cubic Pattern BeO Unknown ical properties should 
be determined. To 
precede or coincide 
kas i with this a more in- 
se tensive study of the 
wae) e vs Zr-Be phase dia- 
ae gram is indicated so 
3 vs that proper fabrica- 
e ise tion methods can be 

a ee Agee ascertained. 
v8 8 It has been shown 
es us that a provisional 


* Sintered at 1100°C, powder from friable compact pressed and sintered at 1350°C. : 
m phase has a simple cubic structure. The structure 7, 6, and € phase has not been determined. 


vs — very strong 
8 —strong 

m — medium 

w —weak 


vw — very weak 


phase diagram, use- 
ful in the study of 
new alloy systems, 
can be determined 
rapidly by powder 
metallurgy methods. 
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Fig. 22 and 23—Sintered Zirconium-Beryllium 
Mixtures. 

Pressed at 40 tsi. Sintered in vacuum (0.104) at 1350°C for 4 hr. Fig. 

22 (above)—5 pct Zr—95 pct Be. Polarized light. Umetched. Fig. 23 


(below)—5 pct Zr—95 pct Be. Bright field. Etched. Both micrographs 
slightly reduced in reproduction. 


Fig. 20 and 21 (left)—Sintered Zirconium-Beryllium 
Mixtures. 


Pressed at 40 tsi. Sintered in vacuum (0.10u) at 1350°C for 4 hr. 250X. 

Polarized light. Unetched. Fig. 20 (above)—20 pct Zr—80 pct Be. Fig. 

21 (below)—10 pct Zr—90 pct Be. Both micrographs slightly reduced in 
reproduction. 


Fig. 24—A Hypothetical Zr-Be Phase Diagram. 
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Fundamental and Practical Factors in 


Ammonia Leaching of Nickel and Cobalt Ores 
by M. H. Caron 


_ As indicated in the title, this article gives brief statements of investigations of 
various fundamental and practical factors of the ammonia leaching process for 


nickel and cobalt ores. 


The process was in large scale operation at Nicaro, Cuba, as an emergency 


measure in World War II. 


Descriptions of this plant and its operation have been published but these 
descriptions mainly covered installation and working scale results, and the present 
article gives a considerable amount of hitherto unpublished data on various phases 
of the method, including conditions for ore reduction, leaching, distillation, etc. 

Possibilities as to further development and results of tests on ores other than 


the Cuban laterites are also included. 


ASIC U.S. Patent 1,487,145 on ammonia leach- 

ing of nickel ores was issued to the author on 
March 18, 1924. Equivalent patents in other 

countries were obtained later. 

The Dutch Syndicate Brikcarbo became interested 
in the process in 1935; and a couple of years later 
the late Dr. H. Foster Bain sent samples of Surigao 
laterite iron ore to Delft and witnessed tests made 
there on this material for the Philippines Common- 
wealth. As a result, the author was asked in April 
1940 by Dr. Bain to go to the Philippines to erect 
and take charge of a pilot plant for the process. The 
World War prevented carrying out this proposal. 
The Dorr Co. also became interested in the process 
at about the same period. 

The investigations by the Freeport Sulphur Co. 
on the process as applied to the Cuban nickeliferous 
laterites, which resulted in the Nicaro enterprise, 
and the results of this operation have been well 
described elsewhere.:*,**4+° This Nicaro | plant 
was in operation for almost two years, and during 
this period produced about 10 pct of the world 
nickel production from laterites containing 1.35 pct 
nickel. This plant and its operation were war 
measures and, in view of this, activities were sus- 
pended in April 1947. 

3 The results obtained fully demonstrated the tech- 

“nical feasibility of the process and its economical 
aspects on a commercial scale. In this respect, it 
‘should be understood that it is probable that im- 
provements may be made by further development, 
and that there are possibilities for advantageous 
application of the process to garnierite and similar 
ores with higher values in nickel than the laterite 
iron ores at Nicaro. i 
_ While the articles cited above have given a cer- 
tain amount of information, no general article con- 
taining all the important process data has been pub- 
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lished. Since the process is of more than local 
interest, a fuller knowledge of the fundamental and 
practical factors of the method may be welcome to 
those interested in this new field of metals tech- 
nology. The author, accordingly, takes pleasure in 
submitting this article to the AIME as it represents 
in a condensed form the results of many years of 
research. The brief outlines of the fundamental and 
other factors and the explanation of observed 
phenomena are presented with as little discussion 
of details as possible, consistent with clarity. It is 
a special satisfaction to the author to make some 
contribution of his own in return for the benefits of 
the many valuable publications issued by the In- 
stitute during his thirty years of membership. 

Ores Adapted for Ammonia Leaching: All nickel 
and cobalt ores which originate.from weathering of 
peridotites or similar basic rocks having sufficient 
values are suitable for treatment by the ammonia 
leaching process after a preliminary reduction under 
proper conditions. : 

The formation of these deposits was probably as 
follows: 

In the course of time the basic rocks were attacked 
by atmospheric agencies; MgO and SiO, were grad- 
ually leached out, and secondary nickel minerals 
formed, such as garnierite, a hydrated silicate of 
nickel and magnesia. These secondary products are, 
however, not stable. They decompose in a further 
stage of weathering and ultimately only a rela- 
tively small residue of insoluble oxides remains, 
known as laterite iron ore with a small nickel con- 
tent and very little cobalt. Under these mantles of 
laterite, richer nickel values may be found, usually 
indicated by the occurrence of garnierite. The more 
the ore is disintegrated by nature, the higher the 
iron content and the better the nickel extractions 
that may be expected therefrom. ; 

Table I shows extractions that may be expected 
from different types of ores, assuming treatment of 
-200 mesh products and: that all precautions have 
been taken for obtaining maximum extractions. 

‘As for the distribution of the various nickel min- 
erals and compounds that may be present, great 
variations may occur from locality to locality as 
well as vertically in a deposit. From such “run of 
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mine” ore, normally quite disintegrated, nickel ex- 
tractions well over 90 pct may be expected with 
proper treatment. 

Table I. Extractions from Ores 


Type of Ore Nickel Extraction, Pct 


Massive dark green pure serpentine, 


Ni up to 6 pct or more 80 or somewhat more 
Chrysoprase 85-90 
Garnierite 90 and more 
Glassy type of chocolate ore 95-98 
Earthy type of chocolate ore 98 


Variegated clay (laterite) . 
Asbolan (a manganese-cobalt-nickel ore) 


98-99 
Nickel 99, cobalt 95-97 


Physical Nature and Chemical Composition of the 
Ore: It has been pointed out above that the grade 
and chemical composition of the ore as found in 
garnierite deposits may show great variations. 

Garnierite itself may be: (1) of a high siliceous 
type, (2) of the normal type, or (3) it may have a 
high magnesia content. Analyses of these different 
types are shown as follows: 

GARNIERITE TYPES 


High silica, Pct Normal High magnesia 
Ni 4.56 5.03 4.62 
Fe 2.44 4.90 9.76 
$i02 83.6 58.82 | 44.6 
Mgo 3.44 17.0 | 24.54 


The following screen analyses were made from a 
sample of selected garnierite ore from Celebes: 


Pct of 
Mesh total weight Ni Fe MgO 
— 2in. + 5mesh 42.1 6.18 Lake: 16.73 
— 5mesh-+ 20 mesh 27.6 6.77 7.58 15.84 
— 20 mesh + 100 mesh 15.8 6.79 10.92 12.38 
* —100 mesh (fine sand) 5.5 6.10 18.05 9.47 
—100 mesh (slimes) 9.0 5.93 22.08 8.09 


The above indicates that the finest products show 
the highest iron and lowest magnesia content, and 
hence represent the most advanced state of weather- 
ing. 

In addition to ores that may be selected from 
their green color, lower grade brown-colored ores 
not adapted to selection may be abundantly present. 
They are rather disintegrated and are made up of 
a mixture of soft lumps and earthy material. The 
porous nature of the lumps results in light weight 
and gives an indication of medium nickel values. 
Hard boulders of little decomposed, valueless, basic 
rock, may also be present; however, by simply re- 
jecting these boulders a reasonably fair grade of 
ore containing approximately 3 pct nickel may be 
mined in bulk. This type is represented in Table II. 

The —60 mesh product had a grainy appearance. 
A settling test at 20°C, ratio 1:2.5 indicated that it 
behaved as free settling material, settling at a rate 
of 10 cm per hr. 

In contrast, the same product ground in a ratio 
1:2.5 in a pebble mill took up considerably more 
water and gained colloidal properties. At ratio 1:2.5 
‘the finely ground pulp was near the compression 
point and the filter cake obtained from this product 
on a suction filter had not less than 46 pct moisture. 
It should be realized that wet milling of such ores 
would require very large filter areas per unit of 
ore. The porous lumps can absorb as much as 16 
pet moisture, and after grinding also become col- 
loidal in nature. The —2 mm +20 mesh fraction 


of the ore could take up 44 pct moisture and the 
—20 mesh +60 mesh fraction 47 pct. It is often 
assumed that the average moisture content of the 
ore will be about 25 pct, but it must be remembered 
that laterite holds more moisture during the rainy 
season. Even though overburdens of laterites are 
normally not considered as nickel ore, their value 


Table II. Screen Analysis 


Pct of 
weight of Ni Fe Insoluble 
Mesh total sample Pct Pct Pct 
-++ 20 mm lumps 31.4 2.38 7.66 55.8 
—20 mm + 10 mm pieces 16.6 2.89 8.74 55.4 
—10mm-+ 2mm product 23.8 2.99 10.47 52.6 
— 2mm product 28.9 3.34 17.58 44.7 
The —2 mm product was 
divided inco further fractions. 
— 2mm -+ 20 mesh 4,65 
—20 mm + 60 mesh 10.86 
— 60 mesh 12.69 3.41 22.68 39:2 


may sometimes warrant mining together with the 
more valuable ores underneath. Sometimes laterites 
may hold as much as 0.2 pct Co, and, since the co- 
balt may be extracted simultaneously the value of 
the clays may be increased greatly. Laterite may 
be represented by the following analysis: MgO 
1.09 pet, SiO, 17.28 pct, Fe 38.92 pct, Ni 1.15 pct, 
Co 0.2° pet. 

The transition zone underlying laterites is usually 
lighter in color, disintegrated, and more or less 
earthy in character and shows often small frag- 
ments of garnierite. 

The chemical composition is characterized by a 
considerable increase of magnesia and silica, and a 
material decrease of iron oxide. The following 
analysis represents this type of ore taken from the 
transition zone: 

MgO 11.67 pct, SiO, 35.12 pct, Fe 21.8 pct, Ni 1.91 
pet, Co 0.02 pct. 

If conditions favor mining such overburdens sep- 
arately from the more valuable underlying ore, it 
should be borne in mind that the soft earthy ore of 
the top layers does not require the same treatment 
prior to reduction. The former may be reduced 
immediately while the more valuable garnierite ore 
should be finely ground preceding reduction. Later- 
ite may hold lumps of valueless chalcedony, but 
such lumps should be rejected by screening. 


Medium Grade Common Nickel Ores: This grade 
of ore is usually characterized by its brown color 
and the practically complete absence of true gar- 
nierite. The cobalt content is low, probably some- 
where between 0.05 to 0.1 pct, and the ore as pres- 
ent in the deposits consists largely of light weight 
porous lumps that crumble easily and are in a 
transition stage of disintegration. The silica con- 
tent is rather high, the iron content medium, and 
the light weight of the lumps may serve as an indi- 
cation of medium nickel content. 

The following results may be given as an example 
of such ore: 


ANALYSIS 
’ Pct of Ni- Fe- Insoluble 
Sample as mined weight of content | content | matter 
fractions total sample | in Pct in Pct in Pct 
+ 20 mm lumps 31.4 2.38 7.66 55.8 
— 20 mm + 10 mm pieces 16.6 2.89 8.74 55.4 
—10mm-+ 2mm product 23.8 2.99 10.57 52.6 
— 2mm product 28.2 3.34 17.58 44.7 
= eee ee ee el Oe 
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The products of increased weathering and disin- 
tegration correspond with higher iron content as 
well as with higher nickel content. 

The fractions of the above sample were dry 
ground and were first reduced at 900°C, agitated 
for 3 hr at room temperature and thereafter the 
temperature was raised to 60°C and agitation con- 
tinued for 1 hr in the ratio 1:8. Strength of leach 
liquor used was 7 pct NH,, 5.1 pct CO.. No additions 
were made to the ore. 


The fractions 
were dry 
ground to the 


following size 


Ni-extraction 


The manganese is, however, readily precipitated 
from the liquor by oxidation as black MnO,-aq and 
at the end of agitation the solution is almost free 
from this impurity. In fact the iron content of the 
solution is comparatively higher than the manga- 
nese content. 

The rate of settling of this tailing at 20°C in the 
ratio 1:5 was 15 mm per hr and at a temperature of 
65°C, 35 mm per hr. Increase of temperature of the 
tailing has a beneficial effect upon the settling rate, 
as was observed for all the types of ore discussed. 

With the addition of 1 pct sodium chloride as ~ 
solution to the ore, reduction temperature should be 
lowered from 800° to 725°C. From both nickel and 


Sa ~— ees. 


I + 100 mesh 45.75 79.6 
II + 100 mesh 43.75 > 80.6 
II + 100 mesh 42.0 81.1 
I¥V + 100 mesh 37.0 89.5 


After the addition of about 1 pct of pyrite to the 
ore and wet milling to —200 mesh product, extrac- 
tions between 91 and 94 pct were obtained on all 
the fractions. For commercial operation this type 
of ore should be properly ground previous to reduc- 
tion, and a small amount of pyrite should be added. 
The beneficial effect of pyrite addition is most pro- 
nounced in the case of true garnierite ore, that is 
for hydrated nickel silicates. The more the weather- 
ing and disintegration have advanced, the higher the 
iron content of the ore will be. A greater part of 
the nickel becomes less bound to its compounds 
with increased: iron content, and the total effect is 
that extraction of the reduced ore improves. It is 
therefore obvious that the beneficial effect of addi- 
tion of pyrite decreases with increase in iron con- 
tent. This is the reason that after due comminu- 
tion the final results of all the fractions showed 
little variations in extraction. 


Special Manganese Dioxide Containing Ore: Al- 
though this type of ore, occurring in Celebes, may 
have no commercial significance, it may be of gen- 
eral interest to have an idea of its feasibility for 
ammonia leaching. 

The ore is characterized by its high manganese 
dioxide content, its moderate nickel content and its 
rather varying though limited Co-content. Cobalt 
content may run between 0.2 and 0.5 pct, and is 
seldom higher. Nickel content may be as high as 
4 to 5 pet, but is normally lower. The following 
sample served for the investigation: MnO, 26 pct, 
insoluble about 3 pct, Ni 2.95 pct, Co 0.24 pct, re- 
mainder limonite. war 

This true oxide ore requires a reduction tempera- 
ture of 800°C for maximum extraction. Manganese 
dioxide is converted to monoxide, and a Ni-Co-Fe 
alloy probably containing a small content of man- 
ganese is formed. Four percent high volatile coal 
was added to the ore, which was ground to a —100 
mesh product, 34 pct remaining on 200 mesh. With 
fresh liquor containing 7 pct NH, and 5.1 pet CO, 
the reduced ore was leached at room temperature 
in the ratio 1:5. 

Manganese monoxide is slightly soluble in leach 
liquor. The bulk is quickly converted into insoluble 
basic-manganese-carbonate. In this way a certain 
amount of CO. is withdrawn from the leachliquor. 


Reduced at 800°C, 
no addition 
to ore. 


Reduced at 725°C, 
1 Pct NaC1 
added to ore. 


Reduced at 725°C, 
no addition 
to ore. 


Ni extr. | Co extr. | Ni extr. | Co extr. | Ni extr. | Co extr. 


6 hr agitation 88.1 88.8 81.3 
12 hr agitation O7io) 95.4 98.3 98.3 83.4 94.1 


cobalt high extractions may be obtained. Extrac- 
tion time may no doubt be shortened by a finer 
grinding. 


Asbolan: This type of mineral may be found in 
red lateritic iron ores as concretions of various sizes 
and as a more earthy product. The mineral has a 
high manganese dioxide content, and cobalt and 
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Fig. 1—Change of SO, Content of Liquor and Precip- 
itate during the Course of Distillation. 


nickel are both present as oxides. Cobalt is usually 
in excess of nickel. 

After being ground sufficiently fine, the ore 
should be reduced at a temperature of about 800°C 
for maximum extraction. The reduced ore has little 
tendency to become pyrophoric after being cooled 
to room-temperature and exposed to the air, as was 
also observed for the manganese dioxide ore from 
Celebes. The sample of asbolan was ground to a 
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—140 mesh product prior to reduction. In the re- 
duced state it was agitated with fresh leach liquor 
at room temperature for 8 hr in a ratio 1:20. 

Analysis of the ore: Ni 3.85 pct, Co 8.80 pct. 

Strength of leach liquor NH; 7 pet, CO, 5.1 pct. 

Another asbolan sample with somewhat lower 
values was agitated in the reduced state in a ratio 
1:5 with fresh leach liquor containing 7 pct NH; 
and’d.1 pet CO;. 

The metal value of the liquor after agitation was 
0.80 pet Ni and 1.25 pct cobalt. 

Pregnant liquors of such metal values may be 
obtained by treating high grade ores under counter- 
current leaching conditions. It should be realized 


After such a heat treatment without simultaneous 
reduction, experiments showed that most of the 
nickel reached a state that could not be further re- 
duced even in a current of hydrogen gas at 950°C, 
as illustrated by the results listed below. 

Two —140 mesh garnierite samples were both 
subjected to the following treatments: 1. Samples 
were gradually heated right from the start in a 
hydrogen current up to 950°C. 2. They were first 
gradually heated in a CO, current up to 950°C 
prior to reduction. At 950°C a hydrogen current 
was passed over the ore for some time. 

Both samples were cooled in a hydrogen current 
to room temperature (20°C). 


RESULTS 
Reduced at 800°C, Reduced at 800°C, Reduced at 700°C, Reduced at 700°C, 
no addition 2 Pct FeS2 1 Pct NaCl no addition 
No. to ore added to ore added to ore to ore 
Ni-extr. Co-extr. | Ni-extr. Co-extr. | Ni-extr. Co-extr. | Ni-extr. | Co-extr. 
Hr Agitation 992 | 95.9% ee! 97.0 98.7 96.1 94.7 94.7 


* 0.027 pct manganese was present in the leach liquor after 8 hr agitation. This amount could have 
been further depressed by increasing the temperature of the pulp and addition of pyrite to the ore prior 


to reduction. 


that the metal values indicated above are fairly 
high and the liquor may be considered as a preg- 
nant liquor that should be distilled. In such a case 
5 tons of pregnant liquor would be distilled for 
each ton of high grade asbolan ore treated. 


Other Types of Oxide Ores: It is hardly necessary 
to say that the ammonia leaching process may also 
prove feasible for other types of oxide ores, e.g., 
the cobalt-containing magnetites, as found in Corn- 
wall, Pa., or the more complex manganese dioxide 
ores of the Gibellini type containing nickel, cobalt, 
copper, zinc, molybdenum and vanadium. The first 
three metals of the complex ore may probably be 
extracted simultaneously. As yet no tests have 
been made on these ores by the author, but it is 
likely that results will indicate the feasibility of 
ammonia leaching. 

Following are brief statements of various funda- 
mental factors connected with reduction, the first 
main step of the process: 


Reducibility of Hydrated Silicates of Nickel and 
__ Magnesia: Metal oxides if combined with silica as 

waterfree silicates do not behave as free oxides, as 
can be gathered from the fact that the reduction 
therefrom in the solid state is far more difficult 
to accomplish. 

Experimentally it has been found that such hy- 
drated silicates if heated in a current of reducing 
_ gas are readily reduced, although not quite as easily 
as the free oxide of nickel. ‘The first reduction to 
metal takes place at a temperature of about 450°C 
and further reduction will proceed gradually with 
rise of temperature. 

In addition it was observed that effective reduc- 
tion could be accomplished with gases very lean in 
reducing constituents. The nickel oxide in these 
compounds no doubt is rather loosely bound to 
silica and magnesia. On heating hydrated silicates, 
the bulk of combined water is expelled below 
650°C, and at 950°C a waterfree silicate may be 
obtained. 


Extractions obtained by using strong leach liquors: 


Nickel extraction Pct | Chemical composition 


Con- Mgo | Ni 


Con- 
dition(2) pet 


Sample Mineral dition(1) pet 
1 
I pure garnierite 83.9 20.9 20.4 10.52 
Il pure garnierite 80.1 28.5 12.81 752 


The detrimental effect of preheating the samples 
without simultaneous reduction is evident from the 
above figures. Among the hydrated nickel silicates, 
a mineral that is almost free from magnesia has 
been found in Saxony known as “Rothisiet”. It was 
of interest to learn how this mineral would behave 
under similar conditions. 


A —140 mesh pure “Rothisiet” sample was there- 


fore reduced under conditions (1) and (2), with the 
following result: 


Nickel extraction Chemical composition 


; Con- Con- Mg0 Ni 
Mineral dition(1) dition(2) pet pet 
pure “‘Rothisiet’’ 87.1 85 1.45 19.16 


This result differs entirely from the previous re- 
sults, which were obtained with normal garnierite 
samples containing quite some magnesia. In the 
almost magnesia-free “Rothisiet’’ sample, obviously 
nickel oxide was combined only with silica. 

As nickel oxide is a very weak base, it is no doubt 
loosely bound to silica and will remain reducible in 
this combination, even after being subjected to a 
preliminary heat treatment as indicated under (2). 
However, whenever strongly basic magnesia is pres- 
ent as in normal garnierite samples, the effect of a 
heat treatment as indicated under (2) will be such 
that the strong as well as the weak base will become 
strongly combined with silica and the NiO will be- 
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come largely unreducible. The result is conse- 
quently a very low extraction of nickel. 

In order to avoid formation of unreducible com- 
pounds of nickel, it is of importance to know to 
what temperature the ore may be heated without 
becoming sensitive to this detrimental effect. If 
garnierite has been preheated prior to reduction to 
650°C, only a slight decrease in extraction has been 
observed. At 750°C the nickel-extraction decreases 
somewhat but further increase in temperature re- 
duces nickel-extraction even more. At the same 
time it was found experimentally that the solu- 
bility of magnesia in the leach liquor decreases 
rapidly above 750°C. Indications are therefore that 
both MgO and NiO rapidly become more tightly 
bound to silica with temperature increase. The fol- 
lowing results are indicative: 


Straight reduction 
with rise of tem- 
perature to 950°C 


Preheated prior to 
reduction in 
COe2 current 


to 650°C |to 750°C | to 850°C|to 950°C 


Ni extraction 82.8 80.4 76.1 44,— 19.8 


_These results were obtained from a —140 mesh 
garnierite sample (Ni 9.03 pct) reduced by a cur- 
rent of hydrogen under conditions as indicated 
above. Extractions were obtained with lukewarm 
strong ammonia liquor. Obviously reduction of hy- 


- drated silicates of nickel present as normal garni- 


erite, etc., should be started at low temperatures to 


obtain high nickel-extraction. 


Penetration Effect of Reducing Gases in Lumps of 
Garnierite: Experimental observations have shown 
that in a relatively short time large pieces of garni- 


_ erite may be reduced to the core, for they appear 
completely black on fracture; however, if such re- 


7S 


duced samples were ground thereafter to a —200 
mesh product, it was seen that the extractions fell 
short in comparison with samples of the same type 


of ore reduced in a finely divided state. 


The great difference in extraction may be ex- 
plained by assuming that the reduction inside the 
ore pieces did not proceed fast enough to avoid 
formation of some unreducible nickel. The author 


is of the opinion that this is the actual cause. By 


ie eile “tae 


very slow increase of temperature during the re- 
duction, the nickel-extraction may be improved; 


_ however, from an economical point of view, the re- 
duction of hydrated silicates should be effected in a 


finely-divided state to get satisfactory nickel extrac- 


tions. 


The Size of Reduced Ore Particles in Connection 


_ with Their Leachability: Microscopic examination of 
leached ore particles may show a dark core if the 
_ particles are not sufficiently fine. In such a case the 

leach liquor has failed to dissolve the nickel in the 
core. 


- Silicates such as serpentine, chrysoprase and gar- 


_nierite, which are respectively macro-, and micro- 


and cryptocrystalline, will show satisfactory ex- 


‘traction if ground to a —200 mesh product prior to 


‘reduction. Nickel-extraction will drop rapidly with 
decreasing fineness of silicate ores simply because 
the leach liquor has little penetration power and 
leaves Wis nickel in the cores of the particles undis- 


_ture quite an amount of adsorbed gas. 


solved. The following results illustrate the effect 
of size of particles upon nickel extraction: 


Fraction Ni-extraction, pct 
2-1 m per m particles 15 
1-0.5 m per m particles 30 
0.5-0.25 m per m particles 50 


A garnierite-chrysoprase mixture 15 pct Ni was 
screened and after reduction each fraction was 
treated with strong leach liquor. 

On the other hand it has been found that true 
oxide products which are the ultimate result of 
weathering are very porous. Variegated clays, for 
instance, need no grinding before reduction, and 
high extractions can be obtained from such reduced 
ores without any comminution after reduction. 


General Aspect of Gas Adsorption by Reduced 
Nickel Ores: The crystalline nature of some of the 
nickel-minerals, such as serpentine, garnierite and 
chrysoprase makes it evident that NiO is part of the 
crystal structure together with MgO, SiO, and H.O. 

As all these compounds may vary within wide 
limits in these secondarily formed minerals, one can 
hardly expect that the position of NiO in the space 
lattice of the crystal will invariably be the same. 
Different orientations will probably also affect re- 
ducibility. 

Be that as it may, experimentally it has been 
observed that the reduction to metal starts at a 
temperature somewhere near 450°C for all hy- 
drated nickel silicates. In the early stage of reduc-— 
tion the metallic particles probably are extremely 
small and, as they are enclosed in the space lattice 
of the crystal, their further growth will be ham- 
pered, With rise in temperature some migration and 
segregation will take place, with gradual increase 
in size of metallic particles. 

There are, however, certain indications, that the 
particles remain in a state of high subdivision even 
at a temperature of 950°C... 

An unusual phenomenon is that garnierite re- 
duced in a current of gas will hold at that tempera- 
It is this 
particular behavior of the hydrated silicates of 
nickel and magnesia after reduction that may affect 
the nickel-extraction unfavorably. Fortunately, as 
will be discussed later, a remedy may be found to 
secure satisfactory extractions for this class of ore 
as well. 


The Amount of Gas Adsorbed by Reduced Nickel 
Ore in Connection with the Nickel-extraction: Three 
samples of pure hydrated silicates were selected for 
investigation, two of the normal garnierite type and 
one almost free of magnesia (Rothisiet). 

Samples of 7.5 g of ore were reduced in a quartz 
tube and evacuated thereafter in the same tube. 
This tube was connected to the evacuation apparatus 
with ground joints. The samples were first heated 
to 950°C while a hydrogen current passed over the 
ore; thereafter they were cooled in hydrogen to 


20°C. At room temperature the tube was evacuated. 


The temperature was then raised to 650°C and the 
tube again evacuated. Gases that were given off 
were collected in a calibrated buret for analysis. 
The amount of adsorbed gases was estimated in 
this manner for all results discussed in this publica- 
tion. The results do not represent absolute figures 
of course, since by increasing the temperature in 
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the tube to 800°C and evacuating the tube at that 
temperature, somewhat more gas could have been 
collected compared with the amount evacuated at 
650°C. However, general conclusions based on 
these results were not hereby affected. 

To reach a definite conclusion regarding the 
effect of gas adsorption upon nickel extraction from 
the three different samples, the amount of adsorbed 
gases after reduction has been estimated in the 
manner described. Parallel samples, reduced in ex- 
actly the same way, but not evacuated after reduc- 
tion, were leached with weak leach-liquors, since 
they are more sensitive than strong liquors to 
changes in the physical nature of the metal after 
reduction. Enhanced effects upon extraction may be 
expected from weak leach liquors, and low tempera- 
tures of leach liquors increase the difference even 
more. Because of this fact, most extractions were 
made at room temperature. 

The weak leach liquor used (denominated further 
WL) contained 1.29 pet NH, and 1.738 pct CO, and 
extractions were obtained by vigorous agitation for 
20 hr in contact with air. 

In order to keep the dissolving power of the leach 
liquor nearly constant during the period of agita- 
tion, a very high ratio of liquid to solids was used 
for all samples. To take care of small evaporation 
losses after extraction, glass bulb and content were 
brought to the original weight by adding fresh 
leach liquor. The extractions were calculated from 
the dissolved values in the clear leach liquor. 


Gas Adsorption as a Result of Reduction and Ex- 
tractions by W.L. at 20°C, from —140 mesh samples 
of 7.5 g, reduced at 950°C: 


Evacuated Nivex= 
Chemical analysis, pct at 650°C | Evacuated | joo ction 
Sample ey He at m.1 He without 
20°C and per g | | evacua- 
5 - 760 per mm of nicke' * 
Ni Fe Sidz | MgO EIgaineesnine tion 
Garnierite 
Silesia 9.03 | 0.41 | 74.96 | 6.46 3.85 5.7; 19.8 
Rothisiet 
Saxony 20.71 | 0.39 | 53.7 | 1.45 1.70 1.1 82.6 
Garnierite 
Celebes 20.73 | 3.54 | 47.97 | 9.9 8.4 5.4 6.5 


The low magnesia ‘“‘Rothisiet’” sample had a low 
gas adsorption and a high nickel extraction, while 
the true garnierite ore samples containing consider- 
ably more magnesia showed high gas adsorption 
and low nickel extractions. This may indicate that 
a certain connection exists between low gas ad- 
sorption and high nickel extraction and vice versa 
and that the presence of magnesia is likely to favor 
high gas adsorption. 

One may expect that after formation the tiny 
nickel particles are kept apart more effectively by 
the presence of magnesia in the crystal lattice than 
without it. In the plain silica crystal lattice the 
nickel particles will have more freedom to migrate 
with rising temperature and hence will increase 
faster in size and lose chemically adsorbed gases 
more quickly. This may be the explanation for the 
results: observed. 


The Effect of Watervapor upon Hydrogen Adsorp- 
tion and the Corresponding Ni-extraction: If garni- 
erite is reduced in gas mixtures containing both 
watervapor and hydrogen any increase of water- 


vapor in the gas mixture will cause the reduced 
ore to adsorb less hydrogen. 


Hydrogen evacuated 
Reduction gas- cc at 20°C and 760 
mixture m per m Hg Remarks 
Dry hydrogen 5.95 cc 
88 pct He and 557-18e Below 200°C the 
12 pct H20 samples were cooled 
to room-temperature 
in dry hydrogen 
10 pct H20 and Be27icc 
90 pct H20 


As is evident from the following data: Samples 
of 7.5 g of a —140 mesh garnierite product from 
Celebes, No. 4 were reduced in gas mixtures while 
raising the temperature to 950°C. The samples con- 
tained 9.5 pct Ni, 0.93 pet Fe, 71.15 pct SiO, and 
8.84 pct MgO. 

A —140 mesh garnierite sample from Silesia was 
used to estimate the extractions after a normal re- 
duction at 950°C. Below 200°C the reduced sam- 
ples were cooled to —15°C in a current of dry 
hydrogen and immediately transferred to the weak 
leach liquor. This sample contained 6.71 pct Ni, 
2.61 pct Fe, 49.50 pct SiO, and 8.29 pct MgO. 


Ni-extraction in 
Reduction gas mixture W.L., pet Remarks 
Dry hydrogen 59 
88 pct He and 12 pct Hed 79.3 Samples were of 
62 pct He and 38 pet Hed 82.0 course not 
10 pct He and 90 pct H20 90.2 evacuated. 


It is evident that increased nickel extraction runs 
parallel with decreased hydrogen adsorption. 


Gas Adsorption as Obtained from CO and CO, 
Mixtures, etc.: As a result of further research along 
this particular line of investigation, it was found 
that nickel extraction was greatly affected by the 
physical state or surface condition of the metal after 
reduction. It became evident that high extractions 
could be easily obtained from reduced ore if the 
metal was free from adsorbed gases, but it was also 
observed that under certain conditions reduced gar- 
nierite may show a gas adsorption of unknown 
magnitude corresponding with low nickel extrac- 
tion. By depressing such gas adsorption in a par- 
ticular way extractions improve materially. The 
means of doing so have been patented by the author 
(c.f. Dutch patent No. 44768. Klasse 40 a. 43., 
granted Dec. 16, 1938; and French patent No. 
837609 May 6, 1936). 

As claimed, improvements are made by restric- 
tion of the reducing power of gas within certain 
limits, by the addition of small amounts of a sul- 
phur compound to the-ore prior to reduction, or by 
the use of reducing gases having a small sulphur 
content. 

Complete elimination of adsorbed gases may be 
obtained by passing watervapor or CO, gas over red 
hot reduced ore for a short time avoiding, however, 
reoxidation. 

These means may be combined advantageously 
by controlling the reduction of ore judiciously, by 
adding a small amount of finely ground pyrite to 
the ore, and by cooling the hot reduced ore in an 
atmosphere free from oxygen containing much 
watervapor or CO, gas, or a combination of both. 
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The results of this investigation may be sum- 
marized as follows: 1. Hydrogen and carbon mon- 
oxide may be adsorbed by reduced garnierite to a 
considerable extent, even if the temperature of re- 
duction is raised up to 950°C. On the other hand the 
nickel metal or alloy of nickel and iron has little 
tendency to adsorb CO.. 


2. At a lower reduction temperature extraordinarily 
high gas adsorption has been observed. A gar- 
nierite sample reduced at 750°C adsorbed as much 
as 15.6 atoms of hydrogen per 100 atoms of nickel. 
This result compared with results of nickel catalysts 
on support, indicates an astonishingly great ad- 
sorption power of reduced garnierite, and an ex- 
tremely fine division of the metal in such a prod- 
uct. Such a physical condition of the metal charged 
with gas results in low extraction. Gas adsorption 
diminishes with rise of temperature and for prac- 
tical purposes a reduction temperature of 900°C 
will give satisfactory extractions and may be recom- 
mended for garnierite ores. 


3. Garnierite, after reduction at 950°C and cooling 

to room temperature in reducing gas, will adsorb 
quite some oxygen when exposed to the air, indi- 
cating the presence of a very large metal surface. 
By raising the temperature to 100°C the oxygen ad- 
sorption increases considerably. At about 150°C 
absorption started and very slowly more and more 
oxygen was taken up by the metal. In this state the 
metal becomes largely passive, with a detrimental 
_ effect upon extraction. 


4. The addition of small amounts of finely divided 
pyrite to the garnierite prior to reduction will de- 

“press the hydrogen adsorption to a certain extent, 
with a resulting material increase in extraction. As 

this addition probably also affects the potential of 
the metal favorably, it would seem that a combined 
effect is responsible for the great improvement ob- 
served. 


5. When a current of water vapor or CO, gas is 
passed over red hot reduced ore, it will have the 
effect of eliminating quickly and completely all 
adsorbed reducing gas. In addition such metal will 
lose more or less its tendency to adsorb oxygen if 
_exposed to the air at room temperature or tempera- 
“ture up to 100°C. The metal thus obtained is almost 
n a gas-free state prior to the extraction. This 
physical state favors fast dissolution of the metal, 
and the beneficial effect upon the extraction is very 
_marked. 

E67 ‘The extraction of reduced garnierite charged 
with gas may be considerably improved by the use 
of ‘strong lukewarm liquors. From gas-free metal, 
however, high extractions may be obtained by using 
weak leach liquors at room temperature. 

7. Nickel ores of the true oxide class, such as earthy 
chocolate ores, show very little tendency to adsorb 
gases during reduction and high extraction may be 
obtained therefrom even when using weak liquors 
at room temperature. 

. Hydrogen is a more powerful reducing agent 
han carbon monoxide at a temperature of 900°C. 
For normal ores, reduction with gas mixtures con- 
aining 90 pct H.O and 10 pct H, will result in the 
esired high extraction of nickel. The same result 
may be obtained with gases containing proportion- 
ately about 75 pct CO to 25 pct carbon monoxide. 


9. Below 200°C the ores should be cooled in gases 
containing very little carbon monoxide to avoid 
formation of nickel carbonyl or low temperature 
CO adsorption which may affect the extraction un- 
favorably. For the exact figures of the results ob- 


tained the reader may consult the corresponding 
tables. 


Amount of Gases Adsorbed During Reduction: 
Celebes. Garnierite sample No. 4. —140 mesh 10 
g. Reduced at 950°C. Ni 9.15 pct, Fe 0.93 pct, SiO, 
71.15 pet, MgO 8.84 pct. 


; Gas evacuated at 650°C 
Gas mixture used m.1. at 20°C and 760 m per m 
for reduction Hg pressure 
COz 55 pet COz 0.95 m.1: 
CO 45 pet CO 12.80 m.1.* 
He 3.93 ml. 


* As combined water is gradually expelled up to 950°C, it is likely 
that some HzO has been decomposed by the metallic nickel and the 
hydrogen formed retained by the metal. 


CO2 78.5 pet CO2 2.6 ml. 
CO 6.1 pet CO de2inrs) 3 
H 15.4 pct He 6 m.l.7f 


f In this case hydrogen has been absorbed in preference to carbon 
monoxide. 


Effect of Gas Adsorption on Extraction: Celebes 
garnierite —200 mesh Ni 5.03 pct, Fe 4.90 pct, SiO, ~ 
58.82 pct, MgO 17.0 pct. Reduced in hydrogen cur- 
rent and cooled to room temperature. Above 750°C 
hydrogen adsorption decreased. 


Temperature of reduction, °C 750 800 850 900 
Ni extr. W.L.* at 20°C 33.4 54.3 63.4 65.2 
Ni extr. M.L.* at 60°C 54.3 80.3 88.4 90.1 


Wi mek liquor 1.29 pct NHs and 1.738 pct CO (agitated for 
20 hr). 
M.L. = medium liquor 2.9 pct NHs (agitated for 3 hr) 


Depressing Hydrogen Adsorption by the Addition 
of a Sulphur Compound: Celebes garnierite sample 
No. 4. Ni 9.15 pet —140 mesh from 10 g ore reduced 
in hydrogen current at 950°C, evacuated at 650°C. 
m.l. hydrogen collected: 


He adsorption 
Addition to ore m.l. 


None 5.95 m.l. 
0.5 pct FeSe2 sl Bowl, 


Effect of Small Addition of Pyrite on Ni-extrac- 
tion: Celebes garnierite No. 28. Ni 17.28 pct, Fe 1.295 
pet, SiO, 52.7 pet and MgO 10.61 pct. Reduced in 
current of 90 pet H.O and 10 pct H,. —140 mesh 
sample. Cooled below 200°C in dry H, to 20°C 
extracted in weak liquor at 20°C. 


Pct FeS2 added to sample Ni-extraction 


None 48.7 
0.02 60.— 
0.05 68.6 
0.1 72.8 
0.25 - 741 


Combined Effect of Gas Elimination and Sulphur 
Addition: Celebes garnierite ore. Ni 5.03 pct, Fe.O, 
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8.32 pct, SiO, 58.82 pct, MgO 17 pct. —200 mesh. 
Reduced in hydrogen current at 800°C and cooled 
to 20°C before being exposed to the air. 


The highest extraction and lowest tendency to 
passivity was found for the gas ratio 90 pct HO — 
10 pet H,. See column 4. 


Gas mixture used 88 pct He 62 pct He 10 pct He 3.4 pct He 
100 pct He 
i 12 pct He 38 pcetHe2O}| 90 pct H2O 6.6 pct Ne 
for reduction p p ee EG 
Ni-extraction sample 
exposed to the air 59 pct 79.3 pet $2" pct 90.2 pct 74.1 pet 
at —15°C 
Ni-extraction sample 
exposed to theair 55.1 pet 35.5 pet 41.1 pet 87.2 pct 65.4 pct 
at 100°C 


Ni-extraction 


II iil 
reduced and for 2 min. to ore 
cooled in COz current added 
hydrogen passed at 0.2 pct FeSe 
800°C over further 
reduced ore same as If 
and cooled 
in COz 
Weak liquor at 20°C 
20 hr agit. 54.3 70.2 84.7 
Medium liquor at 60°C 
3 hr agit. 80.3 87.1 90.1 


Physical condition of metal for I. Highly charged with adsorbed hy- 
drogen. Physical condition of metal for II. Free from adsorbed hydro- 
gen. Physical condition of metal for III. Same as IJ, in addition probably 
decreased potential as a result of the sulphur taken up by the metal. 
Condition III favors highest extraction and shows little difference in out- 
come between extraction with weak liquor (1.29 pct NHs) at room 
temperature and medium strong liquor (2.9 pct NHs) at 60°C. Nickel 
has been brought to the easiest soluble state in this way. 


Oxygen Adsorption: Celebes garnierite sample 
No. 4. Ni 9.15 pet —140 mesh from 7.5 g. Reduced 
in hydrogen current. 


Adsorbed at Ni-extraction Ni-extraction 
20°C 


in W. L. at in W.L. at 
M.L. 20°C without 20°C after 
evacuation evacuation 
at 650°C 
Reduced at 750°C 4.0 ml. 16.5 4.6 
Reduced at 950°C 4.05 m.l. 30.— 4.4% 
adsorbed at 
100°C 
6.2 m.l. 


Reduced at 950°C 


_ "Increased oxygen adsorption, as a result of evacuation causes dimin- 
ished extraction. 


For one minute a current of COz passed over the reduced ore at 950°C 
and thereafter the sample was quickly cooled in CO2 atmosphere. 


Adsorbed at 20°C 1.3 m.]. Oz 
Adsorbed at 100°C 1.8 m.]. Oz 


New Caledonian earthy chocolate ore 22a, Ni 16.12 
pet, Fe 23.61 pct 7.5 g were reduced in a current 
of 77.2 pet CO, and 22.8 pct CO at 950°C evacuated 
at 650°C and cooled to 20°C, adsorbed at 20°C, 5.4 
m.l. O,. 

While the adsorption of reducing gas for this 
sample was very low, only 0.85 m.1. CO, the oxygen 
adsorption on the other hand was on the high side 
indicating the tendency of nickel-iron solid solu- 
tions to have great oxygen adsorption. 


Effect of Reducing Power of Gas upon the Extrac- 
tion and Corresponding Susceptibility of the Ore for 
Passivity: —140 mesh garnierite sample from 
Silesia. Ni 6.71 pct, Fe 2.61 pct, SiO, 49.5 pet, MgO 
8.29 pct. Reduced at 950°C and extracted in weak 
liquor at 20°C. 


Effect of Temperature of Leach Liquor upon the 
Extraction: Reduced in a current of dry hydrogen at 
950°C. Garnierite charged with adsorbed hydrogen. 
Celebes garnierite No. 28. Ni 17.28 pet — 140 mesh. 
Extraction in weak liquor (NH; 1.29 pct). 


Temperature of leach liquor, °C 21 


Ni-extraction, pct 26.4 


Passivity Caused by Increased Oxygen Adsorp- 
tion: Ore reduced in hydrogen current at 950°C 
being exposed to the air between 150° and —15°C. 
Extracted in W.L. at 20°C. 

Chemical composition of the —140 mesh ore 
specimen: 


Ni Pct Fe Pct SiOz Pct MgO Pct 

Saxony 12a. Rothisiet 20.71 0.39 53.7 1.45 
New. Caledonia 23. Glassy 

Chocolate ore 17.84 7.74 34.6 13.7 
New Caledonia 22. Earthy 

Chocolate ore 14.88 22.41 23.4 25 
Celebes No. 8 mixed high 

Silicious ore 3.68 7.11 70.— 5.4 
Samples transferred Ni-extraction 
after reduction 
through the 
air at 150°C} 100°C | 50°C | 20°C 0°C | —15°C 
12 a iron free 62 70 80 82.5 
23. medium iron 16.9 23.8 40.8 70 80.5 
22 high iron 0.04* 5.4 14.3 45.5 66.6 

8 mixed 6.8 52 14.9 60.6 


* This sample was pyrophoric. 


Effect of Elimination of Adsorbed Reducing Gas 
by CO, upon the Extraction. Samples reduced in 
hydrogen current at 960°C, at whieh temperature a 
slow current of CO, was passed over the ore for 5 
min., cooling the ore thereafter quickly in CO,. This 
effects simultaneously a very low tendency for oxy- 
gen adsorption. Extraction in weak liquor at 20°C. 


Ni-extraction 
Exposed to the 
air after 150°C 1C0°C —15°C 
reduction at 
—140 mesh sample 23 84.2 85.7 85.8 
—140 mesh sample 12a 81.8 87.6 87.6 
—140 mesh sample 22 76.8 84.7 86.7 
—140 mesh sample 8 43.2 62.5 62.5 
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Between 100° and —15°C there was no difference 
in extraction, indicating the absence of passivity. 
At the temperatures indicated, the samples were 
quickly transferred to the leach liquor. 


Gas Adsorption of Earthy Chocolate Ore: 7.5 g, 
—140 mesh, sample 22. Reduced at 950°C in gas 
mixture containing 77.2 pct CO, and 22.8 pct CO. 
Cooled below 200°C in dry CO, gas. 

Evacuated at 650°C gave 0.85 ml. CO, 0.65 ml. H, 
and 1.9 ml. CO.. 

This very low gas adsorption coincides with high 
nickel extractions in weak liquor at 20°C. 


Passivity of Iron-rich Nickel Ores: Evidence has 
been given of the presence of nickel-iron solid 
solutions in reduced nickel ores and that such al- 
loys will favor the adsorption of oxygen if exposed 
to the air after being cooled to room temperature. 
This oxygen adsorption will cause some temperature 
rise of the ore, and this increase in turn will pro- 
mote the adsorption of more oxygen. 


Under certain conditions, such as the combined 
effect of moist air, low temperature of reduction 
(about 800°C) and dumping of reduced ore on 
heaps, the ore may become even pyrophoric. 

Ores such as laterites, high in iron but low in 
nickel content, will have only a very moderate NiFe 
alloy content after reduction. Such ores exposed to 
the air in piles nevertheless will become lukewarm. 
This is a fair indication of more or less passivity. 
The following example may show such an effect: 

Laterite was reduced in an internally-fired lab- 
oratory rotary kiln, which had a capacity of 0.5 ton 
of reduced ore per 24 hr. The reduced ore was 
properly cooled to room temperature and dumped 
from the container on the floor where it soon be- 
came lukewarm by contact with the air. In the re- 
duced state it contained 1.6 pct nickel. The reduced 
ore was agitated in a ratio 1:4 with leach liquor at 
room temperature containing about 3.5 pct NH. 
After 6 hr agitation a very poor result was obtained, 
as only 10 pct of the nickel had been extracted and 


Table Ili. Results of Extraction after Reduction in H.O-H and CO.-CO Gas Mixtures at 950° Cooling the Re- 


duced Ore Below 200°C in Dry Hydrogen or CO, 
N. C. Earthy Chocolate Ore Sample 22 


Gas mixtures Ni-extraction Ni-extraction Fe-extraction 6 Gas mixture Ni-extraction 
for reduction W.L. at 20°C by CuSOz by CuSOx for. W.L. at 20°C 
solution solution reduction 
Pct Pct Pct Pct 
Dry hydrogen 66.6 dry CO* te) 
He 88 pct-HeO 12 pet 18.5 
CO 43 pct 48.2 
He 62 pct HeO 38 pct 22.8 ae 37 oct 
Ratio Ni to 
He 45 pct HeO 55 pct O72 98.6 98.5 Fe in alloy 
0.672 
He 30 pct H2O 70 pct 95— 98.1 90.4 0.730 
2 95.4 97.— 69.3 0.937 CO 15 pet 82.— 
He 20 pct H2O 80 pct ee. moe 
He 10 pct H2O 90 pct 95.7 STE) 70.7 0.928 
97.5 70.4 0.928 CO 8.7 pet 66.1 
He 6.3 Ne 2.7 pet H2O 90 pet 95:9 Soman 
~ He 2.3 pet N27.7 pct HO 90 pct 75.3 82.4 38.3 1.37 


*Samples reduced by CO or CO-COs mixtures were cooled below 200°C to 20°C in a current of dry COz. 


Note: It will be noted, that under conditions for high nickel reduction, the co-reduction of iron is almost stationary between certain 
limits of the gas components (H2e+H2O). Below the lower limit the reduction of nickel will drop fast, that of iron still faster. Above the. wares 
limit the gain in nickel reduction is very small. The increase of iron reduction on the other hand may be considerable. poss equilibrium 
reactions are governed by the law for solid solutions of oxides. This law implies that the reductibility of ae which are Sites t to ie 
may be greatly improved through intimate contact with easily reducible oxides. For nickel-iron cules solid-so Helgoss in Ww oe iron oxi ie 
predominates, it can be stated that for high nickel reduction, the condition will be such that at least an equivalent amount of iron is simul- 


“taneously reduced, The results given in table III are indicative. The real equilibrium nature of the reduction may be further demonstrated 


by the following example: A sample of the earthy type of chocolate ore from New Caledonia was reduced in a gs Eaecate fe 2005 Gas consisting 
of He and COs, the latter component of the gas being quite in excess. The mixture nevertheless was o cently. fs £9 ore uce over- 
_reduction of the iron. Two parallel tests were run. After reduction at 900°C the ore was first gooled to only 600 and at t ap tember 
a COz current was passed over the ore, respectively for 5 and 30 min; thereafter the ore was cools Te Sect CA in 2, : e ore 
contained 18.44 pct Ni and 25.48 pet Fe before reduction. Extractions were made by a 10 pct CuSOs.5aq solution, outside access of oxygen 
and also by a strong ammonia liquor at room temperature in contact with air. 


Results of CuSOs leach. 


a= Treatment of the ore at 600°C 
5 min COs current over the ore 


| Treatment of the ore at 600°C 


30 min COz current over the ore 


c Ratio of Fe : Ni Ratio of 
Fe i Ni :Nii Pct Fe Pct Ni Fe:Ni in 
Pct Fe Pct Ni Re teae Fe:Ni in I extrac- eed extrac- ei 
dissolved Re dissolved Hon eee dissolved tion Sse tion saluting 
y nO2 eee 
21.755 85.4 18.40 99.8 1.18:1 18.709 73.4 18.35 99.5 1 


Ammoniacal extraction: 


i di Ni extraction 
st Co 97.12 


the same result can be approached from opposite directions. 


pepemiet es eee ee ee Ammoniacal extractions ee 


Ni dissolved Ni extraction 
17.56 95,23 


‘ i i i i onds with the co-reduction of iron in a ratio of roughly 
i of about 95 pct as obtained by ammoniacal Jeaching corresp t ‘ r 
1 SOG hares nganeiton closely with the previous results obtained by direct reduction under proper gas-mixture control. This proves that 
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this result still could not be improved after 24 hr 
agitation. 

A fresh amount of the same reduced ore was sub- 
merged in the leach liquor ratio 1:4, for about 16 hr 
prior to agitation. This time after 6 hr agitation, 
over 90 pct nickel was extracted. What may have 
caused this remarkable effect? The explanation is 
rather simple. A thin blanket of Fe(OH); was no- 
ticed on the surface of the submerged ore. Part of 
the iron from the alloy that was still passive en- 
tered into solution as ferrous iron. Further oxida- 
tion caused precipitation of ferric hydroxide. Dis- 
solved oxygen was thus removed from the liquor in 
the settled pulp as well as from the Ni-Fe-alloy, in 
which manner the metal became depolarized and a 
good extraction was reestablished. 

In the first-mentioned case of poor extraction ore 
and leach liquor were strongly agitated directly and 
the leach -liquor remained more or less saturated 
with dissolved oxygen throughout the period of 
agitation. This, no doubt, prevented a change in the 
passive state of the alloy and was responsible for 
the poor result. The very great dissolution pressure 
of iron in ammoniacal solution makes the metal so 
useful in depolarizing the passive alloy under con- 
ditions contemplated. 

The new way of depolarization has been effec- 
tively used in most of the larger scale laboratory 
leaching tests, when 10 or more kg of ore were 
agitated. 


The Effect of Sulphur upon Iron-rich Reduced 
Ore: Earlier evidence has been given that small 
amounts of sulphur dissolved as sulphide in leach 
liquor have a beneficial effect upon the nickel ex- 
traction of pure reduced garnierite ore. 

The following results show a reverse effect for 
iron-rich nickel ores. A glassy and an earthy type 
of chocolate ore from New Caledonia as well as an 
iron-rich mixed garnierite sample from Celebes 
were reduced in a current of 10 pct H. and 90 pct 
HO at 950°C. Below 200°C the samples were cooled 
to —15°C in dry hydrogen. The samples were 
quickly transferred to the leach liquor and at once 
agitated at 20°C in weak leach liquor: a) contain- 
ing some dissolved sulphide and 6) free of sulphide. 
In addition, extractions were made in a neutral 
coppersulphate solution containing 10 pet CuSO, 5aq. 


Table IV. Ni-extractions 


W.L. con- Neutral 
taining CuSO 
Z W.L. at 0.51 Pct § solution 
—140 mesh Ni Fe 20°C at 20°C at 20°C, Pct 


Glassy chocolate 
ore (N.C.) 17.84 TL iBOLT. 43.1 90 

Earthy type of 
chocolate ore 
(N.C.) 

Mixed Celebes 
ore (8) 3.68 7.11 65.2 40.7 66.8 


15.03 | 22.41 95.7 23.5 97.5 


In the neutral coppersulphate solution both nickel 
and iron from the alloy were dissolved respectively 
as nickel sulphate and ferrous sulphate, and no in- 
terference could be expected from precipitated 
ferric hydroxide. 

Furthermore, extractions in weak ammoniacal 
liquor were in more or less close agreement with 
extractions from the copper sulphate solution. 


To understand clearly the conditions under which 
nickel extractions were obtained from the ammoni- 
acal liquor it should be remembered that the ratio 
of liquor to ore was very great, which was normal 
for all small scale tests. While the samples were be- 
ing strongly agitated, dissolution took place and the 
oxygen content of the leach liquor must have been 
nearly saturated. Iron is thus readily precipitated 
in a flocculent form as Fe(OH). 

In the case where sulphide-containing liquor was 
used the oxygen content must have been very low 
during the early stage of agitation owing to the 
sulphide, which also was responsible for the greatly 
depressed dissolution of iron. 

Then there were very low concentrations of iron 
and oxygen, not flocculent ferric hydroxide, but thin 
tenacious adhering films were formed on the surface 
of the alloy. Such films of a hydrophobic nature 
may have protected the underlying alloy very 
effectively from further dissolution and may have 
caused the low extractions. It should be noted that 
the sulphide in the liquor gradually oxidized to 
sulphur and sulphate resulting in an increase in 
oxygen and a decrease in sulphide during the course 
of agitation. There was, however, not a sufficient 
lack of oxygen during the course of agitation to 
have been responsible for the low extractions. 

In the case of the sulphide-free leach liquor the 
flocculent Fe(OH), formed evidently does not inter- 
fere with extraction. 

Evidence that tough films of Fe(OH); may be 
formed was found in the glass surface of the agita- 
tor. They adhered perfectly to the glass and were 
often so thin that they showed interference light 
colors. To investigate the supposition just made and 
to look into this matter from another point of view 
a few samples were reduced with hydrogen sulphide 
in order to get metal sulphides instead of an alloy. 
As such sulphides dissolve slowly in ammoniacal 
liquor by using a great excess of leach liquor and 
strong agitation it is likely that the liquor will hold 
sufficient oxygen to precipitate the iron in the floc- 
culent harmless form. If this supposition is correct, 
nickel extractions from sulphides of nickel and iron 
should be reasonably good, in contrast with results 
obtained from normal reduction, extracting the al- 
loy thereafter in sulphide-containing liquors. This 
was borne out experimentally. 


Table V. Ores Reduced with H.S at 950°C 


Ss contrat of Ni-extrac- 
F sample after tion in W.L. 

--140 mesh Ni Fe reduction, Pct at 20°C 
Glassy type of 

chocolate ore 

.C, 17.84 7.74 H 

Earthy type of ae os 

chocolate ore 

(NCES. 15.03 22.41 25.58 68.8 
Sue Pare 

rom Celebes 11.7 

Pimielit trace 6.01 74.9 

Silesia 9.03 0.41 5.08 82.1 


_The complex nickel-iron sulphides under the 
given conditions are somewhat less soluble than 
plain nickel sulphide. Part of the sulphide was 
oxidized to sulphur and part to sulphate. The ex- 
tractions are considerably better than obtained after 
normal reduction and the use of weak sulphide con- 
taining leach liquor to dissolve the alloy. 
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Considering these facts, it is logical to add the 
sulphur as pyrite to complex, iron containing gar- 
nierite ores prior to reduction in order to improve 
the extraction, or as a constituent of the reducing 
gas. Both means are effective and patented, c.f. 
Dutch patent, Dec. 16, 1938, No. 44768 klasse 40a.43. 
French patent, May 6, 1936, No. 837.609. 


Carbonyl Formation or CO-adsorption below 
180°C and Its Influence upon Extraction: The finely- 
divided state of the nickel or nickel-iron alloy as 
formed by the reduction of garnierite ore will no 
doubt favor carbonyl formation. 

As has been pointed out earlier, the extraction of 
reduced garnierite may be unfavorably affected by 
the adsorption of reducing gas, and it was therefore 
worth while to investigate the effect of low tem- 
perature CO-adsorption. 

For this investigation two pure garnierite samples 
were selected as well as a normal garnierite sample 
containing iron and two samples chocolate ore, one 
of the glassy and one of the earthy type. They were 
reduced in a current of CO at 950°C and cooled be- 
low 200°C; (a) in a stationary atmosphere of CO 
to —15°C; (b) in a nitrogen current to —15°C. 

Afterwards they were quickly transferred to the 
leach liquor. Besides the reduction with CO, one of 
~ the samples,—the earthy type of chocolate ore—was 
also reduced in a current of 20 pct H. and 80 pct H,O 
at 950°C and cooled below 200°C, (a) in dry hydro- 
gen, (b) in a stationary atmosphere of CO and (c) 
in a slow current of CO, however in such a way, that 
the loss of nickel by volatilization was negligible 
for (c). 


Table VI. Results of Ni-extraction in W.L. at 20°C 
after CO-reduction 


Ni-extraction 
Cooled be- Cooled be- 
low 200°C low 200°C 
in station- in nitrogen 
Samples Ni Pct Fe Pct ary CO current 
Pure garnierite from 
Celebes No. 14 ‘ 5.58 0.95 1735 57.7: 
Pure pimielit 
Silesia No. 11 9.03 0.41 23.1 55.7 
- Normal garnierite 
rom Celebes 4.42 8.48 26.2 26.2 
Glassy chocolate 
ore (N.C. 17.84 7.74 66.3 66.8 
Earthy type 
chocolate ore 
(N.C.) 15.03 22.41 15.8 17.1 
we 


have passed the range of nickel carbide formation 
while cooling from 420° to 200°C. As the rate of 
cooling was very fast, however, it is not likely that 
carbide formation of any importance took place. 
Above 900°C the nickel-iron alloy may have dis- 
solved only a very small amount of carbon, since 
nickel has the tendency to depress the solubility of 
carbon in iron materially in the austenitic phase. 
Nevertheless it may have had some effect upon the 
extraction, for it is significant that the samples re- 
duced by CO showed no difference in extraction as 
a result of CO contact below 180°C, whereas the 
samples reduced by hydrogen were somewhat af- 
fected, particularly by a slow current of CO. At 
any rate it would seem advisable in commercial 
operation to cool the ore below 200°C for example 
in a stationary atmosphere containing very little 
CO, which may be obtained by almost complete 
combustion of the reducing gases. The atmosphere 
should be relatively rich in CO, but free from oxy- 
gen. Under such conditions there is no need to fear 
decreased extraction or loss of nickel by volatiliza- 
tion. 


Required Concentration of Reducing Components 
in Gas for Effective Reduction of Nickel Ores: We 
are aware of the fact that it is difficult to reduce 
Fe,O, to metallic iron by CO-CO, and H.-H.O gas 
mixtures and that high concentrations of CO or H, 
are required. NiO, on the other hand, is very 
readily reduced to metallic nickel under quite low 
concentrations of CO or H, in the gas mixture. 

From the equilibrium curves as plotted by East- — 
man and others it is evident that at about 735°C 
the reducing power of CO and H, for the reduction 
of Fe.O; is equal, but at higher temperatures hydro- 

gen becomes a more powerful reducing 
agent for iron oxide. In run-of-mine 
garnierite ore nickel oxide may be 
present in combined form as garnierite, 
or may occur as free oxide, intimately 
mixed with iron oxide. 


Remarks Between these extreme members of 

this mineral family quite a number of 

penn intermediate products may exist, such 

free sam- as chocolate ore, chrysoprase and even 

pi es serpentine, the member closest related 

: to the virgin basic rock, may be pres- 

phen ss ent. All such products behave differ- 

nen ee ently when reduced by hydrogen and/or 
affected carbon monoxide. 


It has been noted earlier: (1) that 


_Earthy type of chocolate ore reduced in a current of 20 pct Hz and 80 pct HaO at 950° C. 


Cooled below Cooled below 


Cooled below 


NiO in the combined form as garnierite 
is not quite so easily reduced as the 
free oxide; and (2) that true oxides of 
nickel and iron free from silica, though 


aes an ribet ate EER heed rather easily reduced, require a certain 
nen minimum reducing power of the gas 
PGishesthactiia 96.5 pet 90.7 pet 82.4 pet mixture which obviously should be 


It may be pointed out that: 1. The ores reduced 
- in a current of CO have taken up a small amount of 
~ earbon above 900°C in solid solution, because in the 
course of reduction the very finely divided metal 
has served as a catalyst for the Boudouard reaction 
2 CO=HC-+CO, and quite some amorphous carbon 
- has been precipitated on the ore, as was confirmed 
by analyses. 2. After reduction the samples must 


greater than for true silicate ores with 

high nickel content. As all these com- 

_pounds are normally present in run-of-mine gar- 
nierite ore, an investigation was made to determine 
the required reducing power of the gas mixture for 
several types of minerals. 

Sample 12a, a hydrated silicate of nickel almost 
free from magnesia, represented the most easily re- 
ducible type, while sample 22, a homogeneous 
earthy type of chocolate ore high in iron oxide, 
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would require no doubt a greater reducing power of 
the gas used for reduction. 

The nickel extractions were made in weak leach 
liquor at 20°C. (Table VII.) 


Table VII. Required Reducing Power of Gas Mixture 


Sample 12a Sample 22 
Ni 20.71 pct Ni 15.03 pct 
Fe 0.39 pct Fe 22.41 pct 

Gas mixture for SiOz 55.1 pct SiOz 23.4 pet 

reduction at 950°C MgO 1.45 pct MgO 2.5 pct 

66.6 

(1) He 82.6 A 

(2) He 88 pct HeO 12 pet 70.9 18.5 

(3) He 62 pct H2O 38 pet 67.6 22.8 

(4) He 10 pct HeO 90 pct 77.4 95.3 

(5) Hea 2.5 pct Nz 7.5 pct H2O 90 pet 83.9 81.6 

(6) CO 70.9 Ly 

(7) CO 43 pct COz 57 pct 74.4 48.2 

(8) CO 15 pct COz 85 pct 85.7 82:— 

(9) CO 8.7 pet COz 91.3 pet 88.9 66.1 


Reduction under (5) was more successful and 
gave higher extraction, as can be seen by compar- 
ing results of the hydrogen reduction for that iron- 
rich sample and the carbon monoxide reduction 
under (9). Hydrogen, as could be expected, is 
therefore a stronger reducing agent than carbon 
monoxide at a temperature of 950°C. 

A better illustration was obtained from the glassy 
type of chocolate ore (Table IX). All three samples 
were reduced simultaneously under exactly the 
same conditions. 


Table IX. Required Reducing Power of Gas Mixture 


Sample 23 
Gas mixture for Ni 17.84 pct Fe 7.74 pct 
reduction at 950°C SiO2 34.6 MgO 13.7 
Ni-extr. W.L. at 20°C 
He 80.5 
He 88 pct HeO 12 pct 64.4 
He 62 pct H2O 38 pct 70.6 
He 10 pct H2O 90 pct 83.7 
He 2.5 pet N2 71.5 pct HeO 90 pct 1.8 
66.8 
CO 43 pet COz 57 pct 83.2 
CO 15 pet COez 85 pct 733 
CO 8.7 pct CO2 91.3 pet 56.9 


From the foregoing results it may be concluded 
that the gas-mixtures required to obtain high nickel 
extractions need to have only a moderate concen- 
tration of CO and H,. These gases can be easily pro- 
duced, for example by incomplete combustion of 
solid or liquid fuels or of high grade gas. Thus 
two aims may be combined, internal-firing and 
simultaneous reduction with the products of partial 
combustion. 


Results of Reduction with Gas Mixtures as Ob- 
tained by Partial Combustion of High Volatile Coal: 
The analyses of the gases are given on a waterfree 
basis. A normal garnierite —200 mesh sample from 
Celebes was reduced at 875°C and cooled below 
200° to 20°C in a CO, current. Analysis of the ore 
Ni 5.03 pet, Fe 4.90 pct, SiO, 58.2 pct, MgO 17.0 pct. 
The influence of the sulphur content of the reducing 
gas is plainly shown by the extractions obtained. 


Table X. Analysis of Gas Used for Reduction 


I Il 
Pct Pct 
COz2 13.75 11.6 
CO 12.70 13.6 
SO2 0.5 0.1 
Ne 73.0 ScD) 
Ni-extraction in M.L. at 60°C 92 87.7 


Solubility of Magnesia as Present in Reduced Ore 
in Leach Liquor: For this investigation the same 
normal garnierite sample from Celebes, Ni 5.03 pet 
and MgO 17.— pct was used, with the addition of 
0.2 pet finely ground pyrite. After reduction In a 
hydrogen current at 950°C, a current of CO, was 
passed over the ore for 2 min. and the ore was 
quickly cooled in CO, to 20°C. In view of the fact 
that the solubility of MgO is rather limited in am- 
moniacal leach liquor, 40 parts of leach liquor to 1 
part of solids were taken in order to get reliable 
figures for the amount of MgO entering the solu- 
tion. 


Table XI. Solubility of Magnesia 


Nickel-extraction 
MgO dissolved | MgO dissolved 
‘Temperature in pct of in pct of 
° ore weight ore weight W.L. at MLL. at 
reduction, °C by W.L. at _ by MLL. at 60° C 60°C 
60°C, pct 60°C, pct 
750 ae b 1.47 70.8 7D 
800 0.30 0.44 84.7 90.1 
850 0.15 0.22 89. 93.2 
900 0.11 0.13 
950 0.06 0.09 


The solubility of magnesia decreases rapidly with 
increase of reduction temperature over 750°C. As 
soon as solutions become supersaturated with MgO 
some of it will crystallize out as an ammonium 
compound (NH,).CO,.MgCoO, 4aq. (Magnesia Alba) 
and NH,, releasing this ammonia. 

Since undesirable ammonia losses in the tailing 
result from the fact that ammonia magnesia com- 
pounds may crystallize out under certain conditions, 
appropriate measures for the prevention of such 
losses should be taken to prevent this happening in 
the agitators or in the washing circuit of the plant. 
Fortunately conditions are generally favorable in 
countercurrent leaching and washing circuits, and 
losses of this nature are not likely to occur if due 
precautions have been taken. In the event that tail- 
ings should be steamed, obviously such compounds 
will be broken up and NH, will be recovered. 


Saturation Point of Leach Liquors for Nickel and 
Cobalt: Very little nickel can be dissolved in pure 
ammonia liquors free from carbon dioxide. Even 
though the solubility of Ni in a pure ammonium- 
carbonate solution with a weight percent ratio, NH;: 
CO, of about 1:2.2/ is considerably better, liquors 
that are most suited for the dissolution of nickel 
and cobalt should have a ratio NH, : CO, by weight 
of 2:3 or vice versa. Such liquors can hold con- 
siderable nickel and cobalt in solution. The best 
ratio, however, should be NH, somewhat in excess 
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of CO,. In the dissolved state, e.g. in pregnant 
solution, nickel and cobalt will be to a large extent 
present as complex compounds with NH, and CO.,, 
and to a smaller extent dissociated as complexes. 
Distillation of a nickel liquor will result in a satu- 
rated solution directly upon precipitation of basic 
carbonate of nickel. After cooling to room tem- 
perature such liquors do not remain entirely satu- 
rated. The ratio of Ni:NH, and Co:NH; found from 
such a cooled solution gives an indication however 
of the amount of NH; combined with these metals. 

While calculating the amount of NH, combined to 
nickel it should be remembered that the liquor al- 
ways contains some magnesia which also combines 
with NH. 

From a nickel solution as pure as possible, satu- 
rated at boiling temperature, the following analysis 
was obtained after cooling: 

_ Ni 3.43 pct, NH; 5.0 pct, CO, 4.58 pct 

The mol ratio in this case was Ni:NH, = 1: 4.17 

It is thus likely that in pure saturated and con- 
centrated liquors 1 mol nickel will combine with 4 


- mol NH;. By analysis of a very pure cobalt solu- 


tion practically free from nickel and other impuri- 
ties, saturated at boiling temperature, the following 
results were obtained: 


Pct Co Pct NHs Pct COz2 Ratio Co:NHs 
0.724 1.28 1.10 16,1 
0.235 0.41 1 :6.— 


_ One mol of cobalt seems to combine with 6 mol NH; 
under these conditions. These results do not neces- 
sarily mean that the metals will combine with NH, 
in the ratios found when NH; is present in great 
excess in the leach liquor, but they may give a basis 
for calculation of the lowest amount of NH; neces- 
sary to keep these metals in solution. From such a 
calculation we may also get an idea of the amount 
of free NH, present in the liquor. This is of im- 
portance as commercial liquors must have a rea- 
sonable amount of NH; and CO, in excess to keep the 
liquor sufficiently active. For instance a liquor con- 
taining 2 pct Ni will contain at least 2.3 pct com- 


' bined NH,, and with 2 pct cobalt this would be 3.5 


pet NH;. It is advisable, however,—under counter- 
current leaching conditions—to use liquors with 
about 6 pct NH, to obtain pregnant solutions with 
_ 2 pct nickel. In the case of cobalt extraction, the 

strength of NH, should be at least 7 to 8 pct. 

Normal leach liquors, containing small amounts of 
'.magnesia and ammonium sulphate (the latter re- 
sulting from the presence of-added sulphides to the 
ore) were boiled till precipitation of basic nickel 
carbonate started. After cooling, the liquors were 
analyzed. (Table XII) 


Table XII. Results of Analyses 


Ni NHs COz Ni : NHs 
4.6 6.65 5.75 15 
3.35 5.00 4,50 15:2 
2.5 4.15 3.53 15:75 
1.7 3,04 257: LEG.2. 
0.7 i Git 0.66 17.045: 


Liquors with decreasing Ni-content will require 
comparatively more NH; to keep the nickel in solu- 
tion. For practical purposes it appears advisable 
to calculate the free ammonia content of the preg- 
nant liquors on the basis of 1 mol of nickel combined 
with 6 mol NH,, in order to be able to measure the 
remaining dissolving power of the liquor. 


Partial Combustion of Fuels by Air: Partial com- 
bustion of powdered low grade high volatile coal 
from the Netherlands East Indies: 

The results discussed below were obtained by 
operating a full size Fuller burner and cutting off 
the secondary air. 


Analysis of coal Combined water 5.45 pet 
EASIYS 24.61 pct 
Volatile matter 36.4 pct 


Calorific value 5328 cal per kg 


By complete combustion of 1 kg of coal, 0.941 kg 
of water was formed. Gas analyses as obtained 
during the test follow. (Percentages by volume are 
given on waterfree basis.) : 


Gas composition 


COz CO He Ne 
(a) 9.8 13.1 remainder 
(b) 10.0 12.5 remainder 
(c) 10.0 13.2 remainder 


The gas temperature was measured at about 1300°C 
after the kiln had reached a constant temperature. 
These analyses do not represent the actual compo- 
sition of the gas at high temperature, but a simple 
calculation will give the following: 

CO; -84inpet; COTLE2e pet -H.. trace H.OCLM3 per 
N, 68.8 pct 


Partial Combustion of City Gas: The laboratory 
rotary kiln was internally heated by incomplete 
combustion of city gas, which made it possible to 
reduce ore at a temperature of about 900°C. From 
several runs gas samples inside the kiln were taken 
and analyzed. (Table XIII) 


Table XIII. Analysis of Gas Samples 


Gas from partial 
Analysis of city combustion on water 
gas, Pct free basis, Pct 

COz 45 7.0 
Oz 1.0 

CO 17.5 10.5 
CH 4.6 

He 69.6 35 
Nez 3.8 79.0 


The actual composition of the gas at high tem- 
perature after partial combustion, is found by cal- 


-culation to be as follows: 


CO: 4h pet.-CO*6.1. pet, H; 2:1 pct; H.0 4N4-pet 
N, 46.5 pct 
It is obvious that hydrogen is preferentially first 
oxidized when city gas is burned by an amount of 
air insufficient for complete combustion. 

By diminishing the air supply somewhat more 
hydrogen may be obtained in the gas mixture. The 
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following analyses on a waterfree basis were ob- 
tained from three different runs of the kiln: 


a b c 
COz 4.1 3.9 ies 
co 12.1 11.1 11.2 
CHi absent 4.6 2.6 
He 15:9 1351 15.4 
Ne 67.9 67.3 66.8 


Under these conditions hydrogen no doubt affected 
most of the reduction. On the other hand, with 
powdered coal the reduction of ore can be affected 
only by carbon monoxide, as hydrogen is almost 
absent in the reducing gas. 

The following are practical factors of the process: 

Ore Treatment in the Rotary Kiln: The rotary 
kiln by virtue of its qualities has found extensive 
application, and it may be used to advantage in 
reducing nickel ores, under certain conditions. It 
is well known that this sort of ore contains a con- 
siderable percentage of combined water which will 
be gradually expelled with rise in temperature. 
Finely ground ore of this nature when charged dry 
to the kiln will flow as a result of the fact that the 
water vapor that is driven out cannot escape fast 
enough and the reducing gas moreover does not 
come in contact with the ore. The combined effect 
is detrimental for proper reduction. However, if 
properly wetted the colloidal nature of the finely 
ground ore may be used advantageously to over- 
come this difficulty. The addition of 15 to 20 pct 
water to ore, for instance, will make the ore more 
or less sticky and the rolling action of the kiln will 
cause the formation of small soft pea-size lumps. 
Water vapor can escape easily through this loose 
charge and the ore bed will roll normally through 
the kiln. In this way a good gas-solid contact is ob- 
tained and there is no more tendency for flowing 
of the ore. 

Results were obtained in a rotary laboratory kiln 
with a 9 in. id having a capacity of 0.5 ton of re- 
duced ore per day. A commercial size unit will 
probably give the same results. In order to secure 
an early reduction within the ore bed, 3 to 4 pct of 
high volatile powdered coal was thoroughly mixed 
with the feed. 

In the kiln internally heated by partial combus- 
tion of city gas, the ore was not retained for a 

longer period than 15 min., and the temperature was 
gradually raised to about 900°C at the discharge 
end. 

Soft earthy ores of the transition zone may be 
treated in a like manner and need no comminution 
prior to reduction. It is quite possible that in com- 
mercial operation, a limited amount of high grade 
garnierite ore must be treated simultaneously with 
low grade ores of the earthy type in which case it 
may be advantageous to give the garnierite a wet 

milling and add it as a slurry to the earthy type of 

ore. This will give a proper mixture and desired 
physical condition of the feed for the rotary kiln, 
as was the case in successful experimental runs in 
the laboratory rotary kiln. Three percent of high 
volatile powdered coal was mixed with the feed. 
A normal transport of the charge through the kiln 
was observed, small soft lumps were formed and 
a good reduction and extraction were obtained. 


True garnierite ores in the proper sense should 
be reduced in a finely ground state, and such prod- 
ucts having a moisture content of 15 to 20 pct may 
be readily treated in the rotary kiln after addition 
of a small amount of finely ground pyrite to im- 
prove the extraction. 

In the laboratory rotary kiln runs were made 
with laterites and soft ores from the transition zone. 
To this earthy type of ore no pyrite was added. The 
reduced ore was cooled to room temperature in a 
CO, atmosphere and then dumped on the floor from 
the container. After being crushed to a —40 mesh 
product the ore was left undisturbed for several 
hours submerged in the leach liquor prior to agita- 
tion for most of the tests. 

A measured volume of air was blown through 
the pulp, causing oxidation accompanied by a rise 
in temperature. 


Treatment of Laterite: Ores of this type, includ- 
ing garnierite deposits, usually contain over 30 pct 
iron. A sample from Celebes containing 33 pct iron 
was reduced in the laboratory rotary kiln at a tem- 
perature of about 900°C. To the air-dry ore 15 pct 
water was added and 3 pct high volatile powdered 
coal. After reduction the ore contained 1.725 pct 
Ni, and in a neutral copper sulphate solution free 
from contact with the air, nickel and iron were dis- 
solved in the ratio 2:3, indicating that the alloy 
formed had probably this composition. The carbon 
content of the reduced ore was 1.08 pct, equivalent 
to about 1.3 pct coke. As the coal had 45 pct 
volatile matter, only a small amount of coke was 
consumed for reduction. Reduction, therefore, was 
affected mainly by gases from partial combustion 
of city gas, and by the gas evolved from the coal. 
The partial combustion served for internal heating 
as well as for reduction. 

Part of the reduced ore was ground to 33.6 pct on 
200 mesh. The part that was not ground consisted 
of soft lumps and some fine material. Both samples 
were treated under the same conditions. They were 
agitated at a ratio of-1 kg of ore to 6 liters of fresh 
leach liquor. The liquor contained 5.67 pet NH, and 
4.5 pet CO, and the temperature of the pulp was 
raised to about 37°C. A controlled amount of air 
was introduced below the level of the pulp, and a 
strong agitation by a propeller was maintained in 
the closed asbestos-jacketed aluminum agitator 
which effectively prevented any settling of the ore 
treated. (Table XIV) 


Table XIV. Results 


Ground after reduc- Not ground after 

: tion to 33.6 pct on reduction soft 
Time of 200 mesh lumps 
agitation Ni-extraction Ni-extraction 
15 min 54.6 44.5 
30 min 62.4 54.3 

1hr 70.5 62.5 

2hr 81.5 74.3 

3 hr 85.2 78.7 

4hr 85.8 81.1 

5 hr 86.4 82.3 

6 hr 87.— 83.8 


From these results it may be concluded that the 
leach liquor had ready access to the metal present 


in the reduced ore, as well as in the sample that was 
not ground. 
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Ratio of Ore to Leach Liquor: Although in com- 
mercial operation it is likely that countercurrent 
leaching will be adopted, batch leaching tests were 
preferred for the laboratory test. Even though not 
entirely comparable with countercurrent leaching 
tests, they nevertheless give a sufficiently clear pic- 
ture of the factors of importance in commercial 
operation. The dissolution of nickel-iron alloy 
formed by reduction proceeds rapidly in the be- 
ginning, gradually slowing down towards the end. 
The iron after dissolution is readily precipitated as 
ferric hydroxide, which is almost insoluble in the 
leach liquor. During the early stage of batch leach- 
ing much iron enters into the solution and it is 
likely that the oxygen content of the leach liquor 
may be very low, even almost depleted during this 
period. In countercurrent leaching since the ore is 
continuously fed to the agitator, the leach liquor 
will not lose its oxygen content so easily, and it is 
probable that in the early stage of dissolution ex- 
traction may proceed even faster. This is one point 
of difference between batch treatment and contin- 
uous countercurrent leaching. 

Batch tests were made to investigate the course 
of dissolution. The fresh leach liquor used con- 
tained 3.78 pct NH, and 3.00 pct CO, and the max. 
temperature of the pulp was 37°C. 


Table XV. Results on Reduced Laterite Ni 1.725 Pct 


Ratio 1 : 1.5 Ratio 1 :3 
—— Fe content Ni- Fe content Ni- 
Time of of liquor, extraction, of liquor, extraction, 
agitation pet pet pct pet 
15 min 0.056 Bou 0.0157 53.3 
30 min 0.047 38.9 0.0023 62.9 
1 hr 0.032 42.7 0.0021 T23) 
2hr 0.021 49.8 0.0019 79.5 
3 hr 0.009 55.4 0.0016 81.9 
4hr 0.0032 60.6 0.00145 82.6 
5 hr 0.0021 65.2 6.00145 82.6 
6 hr 0.0021 67.5 0.00145 82.6 
15 he 78.5 


Leached in the ratio 1:6, 84.9 pct of the nickel was 
dissolved. It is evident that a low ratio of liquor to 
ore is not favorable for high extraction. Conditions 
in the early stage of dissolution probably cause the 
formation of hydrophobic ferric hydroxide films, 
which may affect extraction more or less. In addi- 
tion it should be realized that the nickel content of 


_ the liquor for the 1:1.5 ratio extraction test was 


0.897 pct at the end of the dissolution and only 
0.479 pct for the 1:3 ratio. The dissolution power 
of the latter liquor therefore remained stronger, 
having some effect upon extraction. 


The Iron Content of Pregnant Liquors: The CO, 
content of the leach liquor may result in the dis- 
solution of more or less iron as the following results 
indicate. The same sample of laterite (Ni 1.725 pct) 
was agitated in the ratio 1:6. At the start of agita- 
tion the temperature of the pulp was 22°C. 


Fe content of leach liquor 


Ni 
: Seis extraction 
Fresh leach after after after 
liquor 15 min. 30 min. 6 hr 
NHs pct CO2 agitation agitation agitation 
3.50 2.49 0.017. 0.008 84.6 
3.68 bya 0.057 0.030 82.2 


The results indicate the CO, is the constituent 
that controls the rate of dissolution of iron and also 
affects the final iron content of the liquor after due 
agitation. 

This is evident from the figures in Table XVI. 
Under the same condition the sample of laterite was 
treated in the ratio 1:6 Ni 1.725 pct. The maximum 
temperature of the pulp did not rise above 37°C. 


Table XVI 


Fresh leach liquor 


it Iron content of liquor 
composition 


after agitation 


15 min 30 min. 6 hr 

Pct NHs3 Pct COz Pct Fe Pct Fe Pct Fe 
3.68 Bek 0.057 0.030 0.0041 
3.78 3.00 0.033 0.020 0:0015 
3.50 2.49 0.017 0.008 0.0006 


Although the iron content of the liquor may seem 
rather unimportant, it nevertheless affects the 
purity of the basic nickel carbonate obtained from 
the liquor by distillation. The iron content of the 
liquor can be still further depressed by increasing 
the temperature of the pulp to 50° or 60°C and by 
introducing sulphur ions in the solution, resulting 
from the addition of a small amount of pyrite to 
the ore prior to reduction. Sulphides present in the 
reduced ore will give sulphur ions in the liquor. 
The combined effect of lukewarm liquors and sul- 
phur ions reduces the iron content materially, but 
it is impossible to remove all the iron from the 
liquor. 

The Nickel Content of the Liquor and Its Influence 
upon the Nickel Extraction: Evidence has been 
given, that a mol ratio of 1:4 of nickel and NH; may 
be present in pure concentrated saturated liquors. 
If this basis is accepted for the following solution 
containing 1.39 pct Ni, 5.43 pet NH; and 4.67 pct 
CO., the content of free NH; and CO, should be re- 
spectively 3.79 pet and 3.33 pct. . 

Extraction with this solution was compared with 
that of a fresh liquor containing 3.78 pct NH; and 
3.00 pet CO... The same sample of reduced laterite, 
with 1.725 pct Ni, was treated in a ratio of 1 to 6 
but the maximum temperature of the pulp was only 
37°C. (Table XVII) 


Table XVII. Results 


Il 
Ni rich liquor 
Ni 1.39 pet 
NHs 5.43 pct, CO2 4.67 pct 


Fresh liquor 
NHs 3.78, CO2 3.00 


Fe in 

Time of solution, Ni-extrac- Fe in Ni-extrac- 
agitation pet tion solution tion 
15 min 0.0445 48.5 0.033 47.3 
30 min 0.0201 58.3 0.020 52.5 
1 hr 0.0048 65.7 61.8 
2 hr 0.0031 77.4 70.5 
3 hr 0.0021 78.6 78.4 
4hr 0.0017 80.4 82.6 
5 hr 0.0015 80.8 84.— 
6 hr 0.0014 81.2 84.9 


Leach liquor I has a nickel content of 1.63 pct and 
II, 0.24 pct at the end of extraction. 

The dissolution pressure of a metal according to 
Nernst’s conception, will be counteracted by the 
metal ions present in the solution. This being the 
case, the cause of decreased extraction is under- 
standable in the case of the nickel rich liquor. 
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Implications are that liquors with low nickel con- 
centrations favor high nickel extractions; hence it 
is obvious that countercurrent leaching is most 
effective. Furthermore as was found experimentally, 
4 to 4.5 pet free ammonia, e.g. not combined to 
nickel, should be present for effective extraction. 
For instance, in a pregnant solution containing 2 
pet nickel at least 2.3 pct NH, will be combined 
with the nickel, whereas for countercurrent opera- 
tion such liquors should contain about 7 pct total 
NH;. Such a solution is still active, an important 
factor for fast dissolution of nickel in the early 
stage of extraction and desirable for a favorable 
effect on the outcome. 

So far all results were obtained from samples 
agitated directly after the ore was added to the 
leach liquor. The following tests differ only in that 
the samples remained undisturbed in the leach 
liquors for several hours prior to agitation. This 
precaution was taken to avoid erratic results from 
possible passivity. 


The Effect of Strong Liquors upon the Extraction: 
Another sample of laterite from Celebes was re- 
duced in the rotary kiln at about 900°C. The re- 
duced ore contained 1.60 pct Ni, was rather coarsely 
ground, like the previous sample, and was agitated 
in a 1:3 ratio with a resulting rise in the pulp tem- 
perature from 22° to 37°C. As in the previous tests, 
the CO. content of the liquor was lower than the 
NH; content. (Table XVIII) 


Table XVIII. Results of the Nickel Extraction 


AGITATION 


Leach 
Liquor 
NHs pet | 1 hr 2 hr 3 hr 4hr 5 hr 6 hr 7 hr 8 hr 


4.32 43.4 62.9 73.8 Tiel 78.8 80.9 82.8 83.5 
6.52 D3) 72.3 80.1 86.1 90.5 91.5 92.5 93.5 


For this grade of ore this was the lowest pulp 
ratio for effective extraction. A ratio of 1:4 re- 
quiring only 6 hr agitation would have been better. 
10 pct more extraction was obtained with the 
stronger liquor. After agitation the first liquor had 
a nickel content of 0.445 pct and the second 0.499 
pet. It should be noted that the use of stronger 
leach liquor was the only cause of a material in- 
crease in extraction and the use of strong leach 
liquors therefore should not be overlooked. A 
strength of 6-7 pct NH; should be normal. 


Velocity of Extraction: Strong lukewarm leach 
liquors, together with ample amounts of liquid, 
strong agitation, and adequate supply of oxygen 
(air) will cause rapid solution of nickel. 

The velocity of dissolution of the nickel-iron al- 
loy is largely controlled by the supply of oxygen. 
By increasing the ratio of solution to ore more 
oxygen can be dissolved and the time required for 
complete extraction is thus greatly reduced. It is 
of prime importance to supply oxygen rapidly, 
since the capacity of the liquor to absorb oxygen 
largely controls the velocity with which the alloy 
dissolves under strong agitation. In the first stage 
of dissolution, when much alloy must be dissolved, 
provision should be made for adequate agitation and 
air supply. 


If countercurrent agitation is used the air supply 
for each set of agitators should be properly ad- 
justed since the amount required gradually dimin- 
ishes and becomes very small in the last stage. 

It should also be borne in mind that in order to 
leach high grade nickel ores rapidly more solution 
per unit of dry solids is required than for lower 
grade ores. For the treatment of 4 pct nickel ores 
a 1:5 ratio may be recommended to obtain the de- 
sired high extraction within a reasonable length of 
time, say within 6 hr of agitation. Laboratory tests 
even indicated that 3 to 4 hr of agitation may be 
sufficient if a ratio 1:8 is used. 


Temperature Rise of the Pulp as a Result of Dis- 
solving Nickel-alloy: As stated before, the leach- 
ing of laterite in a ratio 1:3 caused a temperature 
rise of the pulp of about 15°C. Oxidation of 1 kg 
iron to the ferric state liberates 7746 cal and for the 
oxidation of 1 kg nickel to NiO this figure amounts 
to 1051 cal. 

Assuming for the sake of simplicity that the 
specific heat of the solution is 1, and that of the ore 
is 0.25, we find the mean specific heat of the pulp 
in the ratio 4:1 to be 4.25:5—0.85. Assuming fur- 
ther that 4 pct nickel and 4 pct iron have to be 
dissolved from reduced garnierite ore we find by 
a simple calculation that dissolving the amount of 
nickel present in 100 kg of ore will liberate 
4(1,051 + 1,746) = 11,188 cal. This amount of 
heat would raise the temperature of 500 kg of pulp 
by (11,188) 425 — 26°C, if no heat is lost. Assuming 
that the reduction has been overdone to such an 
extent, that in dissolving 4 pct nickel, 8 pct iron 
would also have to be oxidized, then the tempera- 
ture of the pulp would be raised by 4(1,051 ++ 
3,492) 425 — 43°C. Under tropical conditions, with 
an original pulp temperature of 30°C, the final 
temperature in the first case would have reached 
56°C, and in the second case of over reduction 73°C. 
That such over reduction is not very desirable 
needs no further comment. A temperature of 56°C 
may not be objectionable as far as the extraction 
is concerned and the increase in pulp temperature 
will favorably affect the settling rate of the pulp. 


Air Requirements for Dissolving Nickel Alloy: 
Earlier evidence has been given that when reducing 
a certain class of chocolate ore 10 parts of iron 
were reduced simultaneously with 9 parts of nickel 
when nickel extraction is high. This does not mean 
that for other types of ore the same ratio will hold 
true: e.g., the ratio for laterite may be 3:2. 

The amount of iron reduced will affect the amount 
of air required. The following resuits were found 
by laboratory tests, but they do not necessarily 
apply to commercial operation. It was found that 
when treating laterite, with 1.725 pct Ni in a ratio 
1:3 with fresh leach liquor containing 3.78 pct NH, 
and 3.00 pet CO,, during agitation for 6 hr, 333 liters 
of air per kg of ore passed through the agitator, 
and 4.2 kg of NH, and 3.4 kg of CO, per ton of ore 
were carried off by the exhaust air still rich in 
oxygen. Pulp temperature did not exceed 37°C. 
Assuming that 1.6 pet Ni and 2.4 pct Fe were dis- 
solved, the theoretical amount of air required would 
have been approximately 100 liters per kg of ore. 
Under laboratory conditions a large excess was used 
as found by analyzing the exhaust air, which showed 
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an oxygen content of 10 to 15 pct. In commercial 
operation a better efficiency of air consumption can 
probably be achieved. 


Analysis of Exhaust Air from the Agitator: A 
sample of laterite was agitated in a ratio 1:2.5 with 
a leach liquor containing 2.16 pct Ni, 5.63 pct NH, 
and 7.06 pct CO.. The temperature of the pulp was 
gradually raised during the course of agitation and 
the exhaust air was analyzed at frequent intervals. 
(Table XIX) 


Table XIX. Analysis of Exhaust Air 


Corresponding analysis of exhaust air 
on dry basis by volume 


Pulp temperature, °C NHs COz Pct 
45 0.2 2.8 
48 0.6 3.8 
53 1.05 5.05 
57 2.6 7.4 
65 6.4 13.8 
70 12.3 14.9 


Leach liquor analyzed at end of agitation: NH, 
5.34 pet, CO. 5.80 pct. By distilling pregnant liquors 
the ratio CO, : NH, as found in the distillate will 


always be lower than unity although the CO, con- 


tent_of the pregnant liquor may greatly exceed the 
NH; content. During the first stage of distillation 
most of the CO, escapes through the condenser as 
a gas. Fortunately the ratio of CO, : NH; in the 
recovered distillate allows this liquor to be used as 
makeup for fresh leach liquor as needed to dissolve 
ore values. If the extraction is carried out at high 
pulp temperature, it may be advisable to feed the 
exhaust air to the last washing circuit repulper, 
so that prior to stripping the last amounts in a 
scrubber the NH, and CO, values may be reduced. 


Effect of Over Reduction upon Settling: The set- 
tling rate of pulp, as well as the ratio of solids to 
liquid in the settled pulp, are of great importance 


_in the successful application of countercurrent 
leaching and washing. Over reduction results in 
increased iron content of nickel-iron alloy which 


requires more air for dissolving, the net effect being 


_ that more heat will be generated in the pulp, and 
more ferric hydroxide will be precipitated from the 
liquor. Even though greater increase of tempera- 


ture may counteract this undesired effect to a cer- 


tain extent the voluminous iron product will re- 


tard the settling of the pulp. Pulp temperature 
- should not rise beyond a certain limit. Quite a rise 


in temperature will occur in treating medium grade 


ores containing 3 to 4 pct nickel, as was explained 


earlier. 
over reduction is objectionable. 


It is obvious that~under such conditions 
It was observed 


while watching the settling of tailings containing 
much secondarily formed Fe(OH), that although 
< the bulk of the ore settles fairly well the Fe(OH). 
lags and settles very slowly. 


Furthermore such pulp will hold more liquor in 


_ the compression state which also affects the counter- 
- eurrent process unfavorably. 


ay Ete 4 


Samples of laterite were reduced under various 
conditions, the aim being to demonstrate the effect 


of over reduction. One half per cent of NaCl was 
added to the ore, the use of which was patented in 
the original basic Dutch patent, granted to the 


author March 16, 1925, No. 12975 Klasse 40a, Groep 
43. 

In order to prevent a reverse effect on extraction 
the temperature of reduction should be decreased 
when adding small amounts of sodium chloride to 
the ore. It should be borne in mind that even the 
slightest sintering is detrimental to extraction. 

The various samples after reduction were leached 
at room-temperature, ratio 1:8, by 6 hr agitation. 
The fresh liquor contained 7 pct NH, and 5.1 pct 
CO,. (Table XX) 


Table XX. Results of Leaching at Room Temperature 


I Normal Normal 
Normal reduction reduction 
reduction at 850°C at 900°C 
at 900°C, 0.5 pct NaCl 0.5 pct CaCle 
no addition added added 


Ni-extraction Ni-extraction Ni-extraction 


6 hr agitation 93.7 pct 98.1 98.— 
Color tailing blac black slightly 
brown from 

3 : Fe(OH)s 

Ratio solids to 

liquor in pulp in 

state of compression 100:98 100:103 100:127 

Ratio of Co to (Ni + 

Co) in leach liquor 11.9 11.6 11.6 


Comparative rate 


of settling 94 162 80 
with each other 


Sample II settled about twice as fast as III. The 
addition of a small amount of NaCl solution to the 
ore prior to reduction improved the rate of settling 
quite materially, as can be seen by comparing with 
I. Extraction is also increased. Reduction of sample 
III was pushed too far and as a result it settled 
badly since the pulp contained too much Fe(OH),. 

Addition of CaCl, increases extraction, but does 
not affect the temperature of reduction, as experi- 
ments showed. Over reduction is objectionable, 
since it requires more air, generates more heat in 
the pulp while dissolving the alloy and requires 
more and larger thickeners in the washing circuit. 


Dissolving Cobalt: Although silicate ores of the 
garnierite type usually contain very little cobalt 
this metal may be present in a more concentrated 
form in the ultimate products of weathering from 
peridotite. 

In addition to nickel laterites may contain 0.15 
to 0.2 pct cobalt and the red earthy iron oxide de- 
posits from peridotites also may contain greater 
concentrations of cobalt. The form of occurrence 
of cobalt in a sample of laterite was therefore in- 
vestigated. About half the amount of cobalt pres- 
ent could be concentrated by gravity as tiny rather 
heavy grains, the particles consisting mainly of 
manganese dioxide. At any rate, it appeared that 
mechanical concentration procedures could not give 
a reasonable recovery. 

The occurrence of cobalt as very fine mineral par- 
ticles or combined with iron oxide, probably as a 
coprecipitate makes it probable that cobalt will be 
dissolved with nickel when reduced ore is leached 
with an ammonium carbonate solution, since co- 
balt, like nickel, forms complex compounds with 
ammonia. Cobalt being of more basic character 
than nickel, the oxide is not so readily reduced as 
nickel oxide. When it is present in the ore, however, 
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it is reduced simultaneously with the nickel, and 
no doubt will be present after reduction as a com- 
plex alloy of nickel-cobalt and iron, probably with 
a small content of manganese. Manganese oxide is 
difficult to reduce, but the presence of nickel and 
cobalt may facilitate reduction just as iron reduc- 
tion is facilitated by the presence of nickel. 

Leaching tests made on reduced laterite indicated 
that cobalt can be extracted, but strong leach 
liquors are essential for high extraction, as may be 
observed from results given in the next table. The 
ore was leached in a ratio 1:4, agitating the pulp 
for 6 hr at room temperature. (Table XXI) 

The effect of the temperature of the liquor upon 
the cobalt extraction was next investigated. For 
this purpose the same sample of laterite was used, 
(Ni 1.60 pet) after reduction. The reduced ore was 
agitated in a ratio 1:8 respec- 
tively at 65°, 20°, and 0°C for 


Fe(OH), from the liquor. By analysis it was found, 
calculated on the original volume, that the liquor 
contained after this treatment 0.0259 pct Co, and 
hence about 16 pct of the cobalt present was pre- 
cipitated. 

By repeating the test, but agitating for 18 hr, the 
cobalt content proved to be 0.0269 pct, indicating 
a decrease of 12.8 pct Co. Under these conditions 
of low NH, content of the liquor, cobalt that has 
been precipitated by Fe(OH), is not easily redis- 
solved. This will explain the low cobalt extraction 
when using weak solutions, that is, liquors with 
low NH, content. 

Redissolution of precipitated cobalt is quite evi- 
dent from the following tests. These tests were done 
on a bigger scale, allowing samples to be drawn 
periodically from the agitator (Table XXIII). The 


Table XXIII. Redissolution of Precipitated Cobalt 


4 hr. (Table XXII) 


The unfavorable effect of too NH 6.6 pet NHs 4.3 pet 
high temperature of the pulp is 
: Co extr. Temp. of Ni extr. Co extr. 
evident from the results of tests Agitation, Temp. of Ni extr. grams per ton pulp pet grams p/t 
1 and 2, and too low tempera- hr pulp of ore °C 
tures are certainly also not de- 
j i Ss Start 14 1714 
sirable for both nickel and CcO= ; te eee ae ys uae ie 
balt. A further investigation re- 2 2 72.2 1203 es a 1 138 
j 3 : f 
vealed that the formation of 4 283, 86.— 740 31° 57°7 604 
Teta 5 2814 92.5 1260 3014 78.8 1111 
Fe(OH), causes a reprecipita 6 261/ 94.4 1470 281/ 80.9 1293 
tion—at least partially—of dis- Z ae sy ee 27 82.8 es 
solved cobalt. The effect is : : ; 


more pronounced with increase 
of temperature but is counter- 


* Natural increase of temperature, due to the oxidation of the metal dissolved. 
t¢ Agitator heated from the outside. 


Table XXI. Results of Leaching Tests 


Fresh leach liquor as Ni extraction Cobalt extraction 


used for extraction 


Grams per 

Pct NHs Pct CO2 Pct ton of ore 
4.32 3.2 80.9 650.— 
6.66 5.0 94.4 1452 — 
16.85 8.42 94.5 2044.— 
13.78 11.10 98.2 a2159:— 


Table XXII. Effect of Temperature of Leach Liquors 


NHs content Ni ex- Co extrac- 
Tempera- of liquor traction, tion grams 
ture of after agita- Pct per ton 
No. liquor °C tion, Pct of ore 
1 65 6.26 95 1508 
2 20 6.91 96 1813 
3 (e} 6.33 85.8 1269 


acted by the use of strong liquors, with high NH, 
content. Evidence that Co is reprecipitated by 
Fe(OH), was experimentally proved in the follow- 
ing way. 

To a liquor containing 0.22 pct Ni, 0.0324 pct Co 
and 2.63 pct NH,, hence to a relatively weak solu- 
tion, there was added 5 pct of a ferrous sulphate 
solution containing 1 pct Fe. The liquor was agi- 
tated at room temperature for %4 hr, after which 
nearly all the iron was precipitated as Fe(OH),. 
Therefore, about 0.05 pct Fe was precipitated as 


same sample of laterite was used for the tests (Ni 
1.60 pct). The reduced ore was agitated in the ratio 
Lis. 

The iron content of the liquor became very low 
after 4 hr agitation and we see thereafter that the 
cobalt content increases very regularly. 

In the first period of agitation, during the first 
2 hr, most of the cobalt has been dissolved, but 
part of it has been precipitated by Fe(OH),. Pre- 
cipitation continues as long as Fe(OH), is precipi- 
tated from the liquor, during the next 2 hr agita- 
tion, and as the cobalt has been dissolved already 
earlier, the net outcome is, that the cobalt content 
of the liquor decreases. : 

On further agitation, the precipitated cobalt is 
redissolved to quite some extent. Since the nickel 
extraction increases very regularly, there is no evi- 
dence that nickel will also be precipitated by 
Fe(OH),, at least not to any appreciable extent. 

By treating a liquor almost free from iron with 
leached ore no effect upon the cobalt content was 
observed after 6 hr agitation to over 40°C. There 
is accordingly no evidence that cobalt will be pre- 
cipitated from the liquor by the ore itself. 


Hydrolysis of Pregnant Liquors: Countercurrent 
washing has proved to be effective for many leach- 
ing processes, provided that hydrolysis (from dilu- 
tion) does not interfere. For this reason, it was of 
prime importance to investigate carefully the possi- 
bility of such interference for this process. This 
was done for the following pregnant liquors of vary- 
Ing composition: Liquors containing normal, high 
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Table XXIV. Analyses of Liquors 


COz NHs Ni 
Pct Pct Pct 
Vf 6.72 4.06 273% diluted witl 
Il 2.84 4.06 2.31 ditieds : 
Il 2.58 5.71 2.10 water 
IV 2.37 7.01 1.925 diluted with 
ve 2.84 4.06 2.31 2 pct NaCl 
dissolved in 
distilled water 


* Same as II 


and low CO, content. Analyses of these liquors are 
given in Table XXIV. 

After dilution the liquors remained in closed 
flasks for 72 hr and were 
analyzed thereafter.(Table 
XXV) 


These results give the 


point of nickel precipitation. The pregnant liquor 
used for this investigation contained: Ni 2.336 pet, 
NH, 6.68 pct, CO, 6.07 pct. 

At frequent intervals fractions of the distillate 
were analyzed. The average NH, content of the 
liquor during the corresponding interval is given. 
The temperature of the condenser was 844°C, the 
still being heated from the outside. The first frac- 
tion of the distillate came off at 75°C and the last 
at 90°C. (Table XXVI1) 

From these results we may conclude that the 
lower the NH; content of the liquor, the higher the 
ratio of concentration in the corresponding fraction 
of the distillate. 

The ratio of CO,: NH; gradually drops in the suc- 
cessive fractions of the distillate up to the point of 


Table XXV. Results after Dilution 


Nickel precipitated by hydrolysis in pct of the original amount in liquor. 


Ratio of dilution 


general impression that 
liquors with corresponding 1:5 1:7 1:8 1:9 4:10 | 4:13 | 1:15 | 1:18 | 1:20 | 1:30 1:40 | 1:50 
NH; and CO, content, as 
given in the examples, but ] 2A 8.2 pet 26 pct 37-2 50.6 58.8 61.2 
with less nickel content, I be- 6.4 12.6 34.4 pct 51.8 69.7 81.75 86.5 

ill not show hydrolysis Iv a oe 
will not show hydrolysis Iv gin be- 24— | 50.3 | 65.5 75.5 
aroliy s cS . same gin 7.8 35.1 Da2 66.4 
until a greater dilution has odor 498 | 682 | 783 = 
been reached 1) mn 

. as 

Conclusions that may be 
drawn from these results 
ea be summarized as Table XXVI. Values Found 

ollows: 

1. The critical dilution Cureaponding Distillate Ritio.ot 
ratio for hydrolysis, will ae : average NHs conceHtration one of 
A = : i pet in content ° 3 in O2z:NHs in 
eS ieee decreasing Fraction liquor of liquor Pct NHs Pct COz distillate distillate 
carbon dioxide and in- 
creasing NH, content of Ist, 2.40 6.60 20.83 25.35 3.16 1.22 

i 2n 2.43 6.35 20.06 25.90 3.16 1.29 

the pregnant liquor. 3rd 2.50 5.90 19.36 23.91 3.29 1.23 

2. From the pregnant 4th 2.59 5.25 17.72 18.79 3.38 1.06 

; F Saat : 5th 2.67 4.60 15.98 14.66 3.48 0.92 
liquors investigated, it was 6th 2.75 4.00 13.96 11.27 3.50 0.84 
evident that liquors with 7th 2.786" 3.55 13.26 10.28 3.74 0.775 


_ high carbon dioxide con- 


* Beginning point of precipitation of basic nickel carbonate. 


tent will precipitate basic 
nickel carbonate at a 
- moderate dilution ratio and liquors with a low car- 
, bon dioxide content at a rather high dilution ratio. 
The first liquors will precipitate nickel more slowly 
and less completely than the latter liquors on fur- 
- ther dilution. 

3. The presence of NaCl in the liquors has only 
little effect upon hydrolysis. — 

~ When treating garnierite ores under conditions of 
countercurrent leaching and washing, there is no 
need to fear hydrolysis with proper operation, as 
Jes be explained below. 


v 


Distillation of Pregnant Liquors: In the course of 
: ‘distillation during which the temperature of the 
4 liquor is gradually raised, the excess of NH, and 
CO, will be expelled first before nickel is precipi- 
cf tated as basic carbonate. Near the point of nickel 
saturation some of the impurities, e.g. iron, are al- 
E ‘ready partially precipitated, and it may be useful to 
- filter the saturated liquor to improve the quality of 
the final precipitate obtained after complete dis- 
 tillation. 
The following results are indicative of what hap- 


pens during the first stage of distillation up to the 


ry 


Table XXVIII. Pregnant Liquor I 


Precipitated from the Precipitated from the 
liquor 30 pct of the nickel liquor the remainder 
content. Analysis of of the nickel (70 pct). 
air-dried basic-nickel- Analysis of air-dried 
carbonate basic-nickel-carbonate 
Ni 39.93 36.6 
SiOz 0.073 0.053 
Fe2Os 0.080 0.023 
S 0.065 0.43 
Co 0.005 0.01 
MgO 0.39 0.045 
Pregnant Liquor II 
Precipitated 75 pct of Precipitated remainder of 
the nickel. Analysis nickel (25 pct). Analysis 
air-dried basic nickel air-dried basic nickel 
carbonate carbonate 
Impurities 
SiOz 0.060 0.020 
Fe2Os 0.094 0.021 
S 0.065 1.762 
MgO 0.371 0.086 
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Time of distillation, min. ; 
Fig. 2—Results from 1 Liter Pregnant Liquor. 


Course of distillation under atmospheric pressure change of composition 
of distillate. Temperature of condenser 814°C 


Fig. 3—Results from 1 Liter Weak Liquor. 


Course of distillation under atmospheric pressure change of composition 
of distillate. Temperature of condenser 9°C. 
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Time of distillation, min 
saturation of nickel in the liquor. It may be noted 
that ammonium carbonate was crystallized out to 
a certain extent in the first and second fraction of 
the distillate, and under commercial operation due 
precautions should be taken in order to prevent 
trouble of this nature. (fig. 2) (See also figs. 3, 4, 
and 5.) 

Impurities in the Pregnant Liquor: Normally 
pregnant liquors will be saturated, or nearly satu- 
rated, with magnesia, iron, manganese and silica. 
In addition the liquor will contain sulphur mostly as 
sulphate. Although the amounts of the first-men- 
tioned impurities may be rather small, they never- 
theless contaminate the precipitate of basic-nickel- 
carbonate obtained by distillation, for these im- 
purities will also precipitate simultaneously with 
the nickel. 

At room temperature magnesium will crystallize 
from supersaturated solutions as (NH,).CO,.MgCO, 
4aq. This compound will decompose in boiling 
water into magnesia alba (4MgO.3CO..4aq) and 
NH;. In the distillation of pregnant liquors most of 
the magnesia alba will gradually precipitate in the 
same early stage of precipitation as basic-nickel- 
carbonate. The same will hold for ferric hydroxide, 
manganese hydroxide and silica. Sulphur, on the 
other hand, will precipitate probably as basic sul- 
phate of nickel, increasing gradually in amounts 
with advance of nickel precipitation. This may be 
seen from curves given in fig. 1. 

Some examples may confirm the statements made 


with reference to iron, silica and magnesia impuri- 
ties. (Table XXVII) 

Decomposition of Basic Nickel Carbonate by 
Heat: The basic nickel carbonate obtained by dis- 
tillation from pure nickel liquors has a beautiful 
bright light green color. After being air- -dried this 
compound will have the composition 3Ni(OH)>.. 
2NiCO,.4aq. Heating to 100°C will cause a loss of 
weight of about 12 pct equivalent to 4 aq. At 250°C 
it will begin to turn black and will become entirely 
black at 275°C, when it is transformed to a black 
oxide containing some Ni,Os. 

This black oxide is changed to NiO at about 
800°C when it shows a light olive green color that 
becomes more pronounced after being heated to 
1200°C. Small amounts of cobalt affect the green 
color of nickel oxide by giving it a brownish shade. 

A sample of basic nickel carbonate, after being 
dried over concentrated H.SO,, contained 48.038 
pet Ni and 0.3342 pct sulphur largely as sulphate. 
After being quickly heated to 900°C the nickel 
oxide had a nickel content of 75.6 pct with only a 
trace of sulphur. 

Dry Versus Wet Grinding: The different types of 
ore as they are found in deposits from the surface 
downwards may be classified as: (1) laterite (top 
layer), (2) a transition zone of soft, entirely dis- 
integrated ore and (3) moderate grade brown col- 
ored garnierite ore, almost free of green garnierite. 
This is partially disintegrated, the bulk consisting 
of light weight characteristic lumps. These lumps 
are porous, have little strength, and can be readily 
crushed. 

When these three types are present in distinct 
layers, it would seem possible under certain favor- 
able conditions to mine each of the layers sepa- 
rately, or to strip the overburden from the more 
valuable underlying ore. The upper layers overly- 
ing the moderate-grade garnierite ore need no com- 
minution prior to reduction; however, it may be 
advisable to reject pieces of chalcedony if they are 
present. There is usually a high moisture content 
of probably not less than 30 pct, but to avoid im- 
proper heat balance conditions for a one diameter 
reduction kiln, the feed should not contain over 15 
to 20 pct moisture. Ores containing an excess of 
moisture should, therefore, be dried till they con- 
tain about 15 to 20 pct moisture prior to reduction. 
The predrier may also serve in mixing a certain 
amount of powdered coal with the ore. 

The (3)-type ore should be finely ground, and the 
question is whether wet or dry grinding is prefera- 
ble. In wet milling the ore acquires colloidal prop- 
erties requiring large thickener area and large 
filter capacity per unit of ore. The filter cake will 
contain finally not less than 46-50 pct moisture. 
Even though wet milling gives a finer product 
which may increase nickel extraction somewhat, 
this (3)-type ore already gives satisfactory extrac- 
tions when ground to a —100 mesh product and 
dry grinding would probably be more economical. 
If such is the case a rotary drier should be installed 
ahead of the mill to expel the 25 to 30 pct moisture 
that may be expected in this class of ore. After fine 
comminution, 15 to 20 pet water should be added 
to the fine ore to give it the characteristics desired 
for charging to the rotary reduction kiln. The de- 
sired amount of coal and pyrite can be added to the 
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mill feed. When treating this class of ore, about 
600 kg of moisture has to be evaporated from each 
ton of 1000 kg of dry ore, while about 430 kg of 
moisture would have to be evaporated from types 
(1) and (2), assuming 30 pct moisture is present. 
The real high grade nickel ores, consisting mostly 
of hydrated silicates of nickel of the true green 
garnierite type, probably warrant wet grinding, 
since this class of ore needs to be very finely ground 
prior to reduction to secure high extractions. When 
such ore is mined separately, it may be wet ground, 
some pyrite may be added, and it may be added in 
right proportion as a slurry to the ore products of 
types (1), (2) and (3) to give the final mixture 
the right moisture content for the rotary reducing 
kiln. If treated separately, the required amount of 
powdered coal should be added to the filter cake, 
and after predrying this product to about 15 to 20 
pet moisture content it can be fed to the rotary kiln. 
Economical considerations in conjunction with 
the amounts of high grade ore available will natur- 
ally determine the flow sheet; obviously, however, 
the larger tonnages of medium or lower grades of 
ore will favor the reduction and treatment of mix- 
tures of different types of ore. A mixture of 10 pct 
_high grade garnierite ore ground to a slurry was 
added to mixed ores of types (1) and (2), as mined, 
and this final mixture with the desired moisture 
content was charged to the rotary laboratory kiln 
with great success. If the different types of ore (2) 
and (3) or (1), (2) and (3) are rather mixed in 
the deposits, it will be difficult to make a separa- 
tion. Run of mine ore should be dried and ground 
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Table XXVIII. Analysis of Garnierite Ores 


Spec) anal sees Moisture content 
of pulp in the state 
of final compression 
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Ni Fe | SiOz |MgO ture, pct Size of sample 
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III | 4.35 | 5.32] 60.3 | 15.96 51.2 1.5 pct on 200 mesh 
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which 9 pet on 140 mesh 
V | 4.62 6.8 | 44.6 | 24.54 70.— 1.5 pct on 200 mesh i 
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entirely ahead of reduction. After dry comminu- 
tion it is always necessary to add 15 to 20 pct 
moisture to the ore to give the feed the desired 
physical properties to prevent flowing in the rotary 
kiln. For high extractions such mixtures always 
require pyrite addition and a certain amount of 
powdered coal. In case types (1) and (2) ores are 


reduced without preliminary comminution, the re-- 


- duced ore should be ground with ammonia liquor in 

a ball mill to the desired degree of fineness in order 

that a part of the ore will not settle too fast in 

- agitators and thickeners. For the same reason it 

may be necessary also to pulp up properly the soft 

porous small-sized lumps obtained from ground ore. 

The chemical analysis and the physical nature of 

- garnierite ores may vary considerably, as will be 
evident from the results in Table XXVIII. 


The conclusion that may be drawn from these re- 
sults is that ores with increasing MgO content and 
decreasing SiO. content will become more colloidal 
in nature after fine grinding. Above the virgin 
rock there is usually a transition zone consisting of 
green appearing boulders that are heavy and dark 
brown on a fresh fracture. The outside is coated 
with thin films of garnierite, hence the green color. 
The boulders consist of nickel containing serpentine, 
_usually having moderate to low nickel content. This 
material with high MgO content is very colloidal 
following fine wet grinding after which it can be 
added as a slurry to dry ground ore to give the 
latter the desired moisture content. ; 

The Rotary Kiln for Reduction of Oxide Nickel 
Ores: The rotary kiln has found considerable ap- 
plication because of its simplicity, rather low cost 
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and high efficiency. On a commercial basis it has 
been used for reduction of refractory manganese 
silver ores in Sumatra with highly satisfactory re- 
sults. Manganese dioxide ores containing about 19 
pet moisture and 20 pct manganese dioxide were 
reduced at about 750°C. Internal heating and simul- 
taneous reduction were obtained by partial com- 
bustion of producer gas. 1.3 tons of moist run of 
mine ore, gave one ton of 1000 kg of reduced ore. 
This required 577,000 cal using producer gas of 115 
Btu per cubic foot. The efficiency of the kiln may 
be judged from the waste gases leaving the kiln, 
which normally contained 20-21 pct CO, and were 
almost free from CO and oxygen. These results are 
encouraging when considered in connection with 
the commercial application of the rotary kiln for 
the reduction of nickel ores. If these ores are pres- 
ent in a finely ground state they should never be 
charged dry, since then they will flow through the 
kiln. If they are, however, wetted with 15 to 20 
pet moisture, soft lumps will be formed and they 
will roll normally through the kiln. As has been 
pointed out earlier, a laboratory rotary kiln, in- 
ternally heated by partial combustion of city gas, 
gave highly satisfactory results. A few calculations 
may give a general idea of the dimensions required 
for commercial units with regard to capacity, etc. 
We have to assume of course the ore composition, 
the calorific value of the powdered coal used, the 
temperature of the gases leaving the kiln, etc. 

Partial combustion of low grade high volatile 
coal from the N.E.I. was investigated experimentally 
by the author. A full-size Fuller burner was used 
and the secondary air cut off. Composition of the 
ore (assumed): Fe,O; 28.6 pct, NiO 2.55 pct, com- 
bined water 14.85 pct, MgO SiO, 54 pct. Tempera- 
ture of waste gases leaving the kiln 300°C. 

The one diameter kiln may be divided in three 
parts: the zone in which the moisture of the feed is 
evaporated; the preheating zone with a neutral at- 
mosphere outside the actual ore bed, in which early 
reduction is obtained by powdered high volatile 
coal present in the charge and where most of the 
combined water is expelled; the reduction zone, in 
which the space outside the ore-bed consists of re- 
ducing gas obtained by partial combustion of pow- 
dered coal. 

Experimentally it was found that such gases 
would contain 10 pet CO, and 13 pet CO on a water 
free basis and that the corresponding gas tempera- 
ture would be about 1300°C. 


Assume the following composition of the coal: 
C 70 pct, H, 5 pet, N. 0.5 pet, O. 11.5 pet, combined 
water 5 pct, ash 8 pct. The calorific value of the 
coal would be per ton (1000 kg) of coal 5,780,000 
kg cal. 1000 kg of ore will need 363,000 kg cal for 
heating to 900°C. If the air dry ore is wetted with 
150 kg of water, this amount will leave the kiln as 
watervapor of 300°C carrying off 113,000 kg cal. 
All waste gas resulting from complete combustion 

of powdered coal, in the preheating zone will leave 
the kiln at 300°C. Per ton of coal the amount of 
heat thus leaving the kiln will be 1,140,000 kg cal. 
With good Sil-O-Cel insulation we assume 15 pct 
loss by conduction and convection of the available 
heat in the kiln. 

5,780,000 — 1,140,000 — 4,640,000 kg cal. Loss of 
15 pct would leave actually available per 1000 kg 


of coal 3,940,000 cal or 68 pct of the total calorific 
value. 
Cal 
1000 kg of ore required for heating to 900°C 363,000 
150 kg of watervapor for heating to 300°C 113,000 


Total 476,000 


1 ton of coal should be sufficient to expel the 
moisture from and reduce 3,940,000 (476,000) — 
8.30 & (1000 kg air dry ore plus 150 kg water). 
The reduced ore is discharged at 900°C. Per 1000 
kg of air dry ore 120 kg coal will be required. If 4 
pet powdered coal is added to the ore, 16 pct would 
be necessary. 

It is assumed that in the preheating zone at about 
700°C the remainder of the CO will be completely 
burned by admission of secondary air, which may 
be easily introduced at the required point. 

Assuming a 1.5 meter id kiln, the surface of the 
lining will be 4.7 m’* per meter kiln length. Gas 
volume produced per 1000 kg of coal computed at 
0°C and 760 mm Hg will be 6500 m’. 

Per ton of dry ore, there will be used 12 pct 
coal —= 780 m® gas at 0°C. If 3 tons of dry ore 
should be reduced per hr this would require 2340 m* 
gas at 0°C or at 1300°C, 13500 m’, or per sec 3.74 m’. 

As the cross section will be 1.755 m’, the velocity 
of the gas at 1300°C will be 2.12 meters, and at 
700°C, 1.31 meter per sec, and the average velocity 
in the active reduction zone will be 1.72 meters per 
sec. A gas temperature of 700°C will correspond 
approximatively with an ore bed temperature of 
400°C. 

Assuming that all heat is first transferred from 
the gas to the lining, and that the lining will trans- 
fer this heat to the rolling charge and that in the 
reduction zone the difference between the gas tem- 
perature and the lining will be about 350°C, then 
we will find by applying the formula: 0.000028 
(2 + \/ V172 X 350) that 1.48 kg cal per m’ per 
sec will be transferred from the hot gas to the lin- 
ing. Per hr per m 5.300 kg cal. 

The required amount of heat in the reduction zone 
will be 3 X& 185,000 cal == 555,000 cal plus 15 pct 
for convection losses = total 638,000 cal. To take 
up this amount of heat by the lining would require 
638,000 / 5,300 — 120 m’/ 4.75 = 25.5 meters kiln 
length. In the first part of the kiln heat is also 
transferred by radiation. It would be difficult to 
calculate the actual amount, but it is quite likely 
that the required amount is taken up by the lining 
of the kiln in the first 12 meters. The remaining CO 
in the gas mixture will have to be burned at a 


temperature of about 700°C in such a way that a 


neutral atmosphere will result. This procedure will 
divide the kiln in two zones, one with a prevailing 
reducing atmosphere, and one with a neutral at- 
mosphere in which the ore is preheated to about 


400°C. In the latter, heat transfer by radiation will 


be of no importance. The heat available in the 
neutral gas mixture will be transferred to the 
lining of the kiln and from there to the ore bed. 
This will require 956,000/8,200 —= 120 m? lining sur- 
face equivalent to 26 meters kiln length, making 
the total length of the kiln 38 meters for treating 
72,000 kg of dry ore, charged with 15 parts of water 
to 100 parts of dry ore. Increased diameter of the 
kiln shortens the length for the same capacity. A 
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kiln of 3 meters id and 38 meters length will have 
roughly a capacity of 150 tons of ore on the dry 
basis. It is, however, charged with an additional 
15 pet moisture. A feed traveling normally remains 
in the kiln for 90 min. at an inclination of 1:20 
with 1.8 rpm, or at an inclination of 1:15 with 1.35 
rpm, giving entirely satisfactory reduction. The 
ore will be discharged as small soft lumps. The 
ore bed in the kiln is very porous having approxi- 
mately a specific gravity of 1.06, as found experi- 
mentally in the laboratory rotary kiln. This would 
give a maximum depth of the ore bed of about 17 
to 18 cm for a 150 tons kiln. In the different zones 
of the one-diameter rotary kiln the heat obtained 
from the hot gases passing through the kiln is very 
nicely in balance with the amounts of heat re- 
quired under the conditions contemplated in each 
of the zones. 

It is well known that in cement kilns the feed 
may be charged as a slurry containing about 38-40 
pet moisture; however, it should be remembered 
that the clinker formation requires a temperature 
of about 1500°C and considerably more fuel is re- 
quired per unit of dry material. As a result there 
is a large increase of gas volume, greater velocity 
of gases, greater capacity thereof to evaporate the 
larger moisture content, and increases in tempera- 
ture of exhaust gases due to the greater velocity. 

It is out of the question therefore, for nickel ores 
to be fed to the kiln as a slurry and reduced at 
900°C, as this would entirely upset the proper con- 
ditions required for the reduction. Any moisture in 
excess of 15 or 20 pct should be evaporated in a 
rotary drier ahead of the rotary reduction kiln. 

Because of their colloidal character and the 
moisture content of the feed, nickel ores of the sort 
contemplated when properly wetted, will cause 


little dusting. The lining of the kiln should be 


smooth, as an irregular and badly worn out lining 
causes increased dusting. 

According to calculations made, one ton of dry 
ore, charged with an additional 15 pct moisture, 
‘requires 693,700 cal for reduction at 900°C. As the 
weight of reduced ore may be roughly 15 pct less 
than that of dry ore, the amount of heat required 
per ton of reduced ore will be correspondingly 
“higher. 

- This calculated figure for nickel ores seems very 
reasonable in comparison with results obtained on 
“a commercial basis in Sumatra, where refractory 
“manganese dioxide containing silver ores were re- 
duced at a temperature of about 750°C. 577,000 
cal were required per ton of reduced ore, obtained 
from 1.3 tons of moist run of mine ore. Treatment 
‘of medium grade nickel ores will involve the 
evaporation of 600 kg of water per 1000 kg of dry 
solids, as has been pointed out earlier. Roughly 
9 pct coal is required to evaporate 450 kg water, 
bringing the total amount of coal required to dry 
and reduce the ore at 900°C on a dry solid basis to 
about 25 pct. 
- Countercurrent Leaching and Washing: Because 
of its efficiency this process has found many applica- 
‘tions and it will no doubt be feasible for extraction 
of reduced nickel ores. The following calculations 
for medium grade reduced nickel ores show the 
‘possible effectiveness of such a treatment. 
Assuming the following conditions and values: 


«hy ile age cilia oa ald 
x re ; ; 
ay : 


Nickel content of reduced ore 4.4 pet from which 
4 pct will be extracted, using a leach liquor contain- 
ing 7 pct NH; and 5 to 7 pct CO,. A circuit consist- 
ing of three groups of agitators with connecting 
thickeners (A, B and C), and a washing circuit 
consisting of three thickeners X, Y and Z with an 
Oliver filter at the end of the circuit (fig. 9) is 
assumed. The 1st group of agitators will dissolve 
80 pct of the nickel values. The 2nd group of 
agitators will dissolve 10 pct of the nickel values. 
The 3rd group of agitators will dissolve 2% pct of 
the nickel values. 

The tailing from the Oliver filter will contain 0.7 
ton of solution for each ton of dry solids. 

The pregnant liquor will contain 2 pct Ni; hence 
for each ton of ore treated 2 tons of pregnant liquor 
will be withdrawn from the circuit to be distilled. 
The strong fresh distillate will contain 20 pct NH,, 
and 0.7 ton of strong fresh liquor will be added to 
the 3rd group of agitators to make up for the 
amount withdrawn as pregnant liquor. The pulp 
will leave the thickeners in a ratio 1:1, whereas the 
ore will be agitated in a ratio 1:4. For the sake 
of convenience and simplicity, it may be accepted 
that all values will be returned by the Oliver filter, 
as 2 tons of washwater may be used for each ton 
of dry solids in the tailing. With a displacement 
factor of 90 pct, 99 pct will be returned, and with 
a factor of 80 pct, 96 pct. On the basis that all 
values are returned, the following simplified equa- 
tion gan be made: 4 
4B=A++3C-4 (1/5 A) 
4C—B-+ 2.3X + (1/20 A) 
3.3X=C+ 2.3 Y 
3.38 Y=X+2.3Z 


x GC 
83 Z=Y+Z Z=3, Y=zy X=a5 
4C=—=B+C+1/20A 3C=B+1/2A 
4B=A+B+1/200A+1/5A ee. 
26 : 52 . 
orB— 9 X 2 pct Ni ees 
52 3 : 58 F 
(C= go Pct Nit 0.1 pet Ni = go Pct Ni 
C= ae Ni: 3 = about 0.3 pct Ni 
Y x Cc G 
= —»s-_—_——_—— = = ZZ = X————_—___ = 
4 23 (2.3). (CARI 12.167 


about 1/12 C 

or 1/12 * 0.3 pet Ni = 0.025 pct Ni 

Z=—= 1/12 & 7 pct NH; = 0.58 pct or about 
0.6 pet NH; 

These are the values in solution in the pulp 
leaving the thickener Z. 

Next comes the reduction of the values by the 
Oliver-filter. 

On the basis of 90 pct displacement we may ex- 
pect the following losses per ton of dry tailing: 
Nickel loss 0.00025 0.7 = 1.75 g Ni per ton of 
dry tailing. 

NH, loss 0.0058 & 0.7 = 40 g NH, per ton of dry 
tailing. 

On the basis of 80 pct displacement these figures 
will be respectively for nickel 7 g per ton dry 
tailing and for NH,, 160 g per ton of dry tailing and 
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on the basis of 70 pct displacement the losses will be 
15.75 g Ni and 360 g NH. 

The amount of nickel in the liquor of the pulp 
leaving thickener C, the lowest value of the circuit, 
was found by calculation to be 0.025 pct with a 
corresponding NH, value of 0.6 pct. Under these 
conditions the dissolved nickel values are far from 
the hydrolysis point, as is evident from the experi- 
mental results given for hydrolysis. There need be 
also little concern for hydrolysis for the displace- 
ment of the remaining nickel values in the Oliver- 
filter cake. 

In treating nickel ores with 3 pct soluble nickel 
and distilling pregnant liquors containing 1.5 pct 
Ni, almost corresponding conditions may be ex- 
pected. This also holds for 2 pct soluble nickel 
pregnant liquors of 1 pct nickel. Generally speak- 
ing as far as tailing is concerned the losses of dis- 
solved nickel values will be negligible and those of 
NH, very reasonable. From the pregnant liquors 
containing 7 pct NH; fresh distillates may be ob- 
tained with approximately 14 to 20 pet NH; values 
depending upon the conditions of distillation. 
Should the fresh distillate contain about 14 pct NH,, 
then in the 3rd group of agitators 1 ton of 14 pct 
NH, should be added to make up for the amount 
withdrawn by 2 tons of pregnant liquor of 7 pct 
NH;. In this case the amount of washwater will be 
reduced from 2 to 1.7 tons. Since this amount is 
still sufficient to wash out the Oliver-filter cake, it 
has little effect on the outcome, as pointed out 
earlier. This means that the operation is very flexi- 
ble and changes in the NH; strength of the distillate 
may be easily corrected by proper control. As 
basic nickel carbonate is precipitated by distilla- 
tion, carbon dioxide will be withdrawn from the 
circuit, and an equivalent amount should be added 
to the fresh distillate by passing CO, through the 
liquor. Counter-current leaching has a slight dis- 
advantage for nickel ores, in that the pregnant 
liquor will contain a comparatively large amount 
of iron. This may however be corrected by aerating 
the pregnant liquor and separating the precipitated 
ferric hydroxide by filtration prior to distillation. 
Concurrent leaching, on the other hand, favors a 
pregnant liquor of very low iron content which 
may be distilled directly. When leach liquors have 
- high nickel values extraction is unfavorable, and 
concurrent leaching is at a disadvantage. If the 
nickel values in leach liquors are limited to 1 pct, 
when using leach liquors containing 7 pct NH,, the 
difference in yield between concurrent and counter- 
current is not of much importance. Under such 
conditions, however, 4 tons of pregnant liquor will 
have to be distilled for each ton of ore. Concurrent 
leaching will increase the ratios between nickel and 
NH; in the countercurrent washing circuit, but hy- 
drolysis may still be avoided by proper operation. 

The treatment of low grade lateritic nickelliferous 
ores is likely to result in a deficiency of washwater 
when distilling pregnant liquors with at least 1 pct 
Ni and as a result ammonia losses may be increased 
to such an extent that steaming of the tailing will 
be economically justified. 

Besides the NH, losses contemplated above there 
may also be losses of NH; in the tailing of another 
sort. 


Under certain conditions, for instance, (NH,); 
CO, . MgCO, . 4aq may crystalize out when cooling 
pregnant liquors saturated with magnesia. If such 
a compound is present in the tailing, it is evident 
that some NH; is lost in a nonsoluble form. The 
presence of ferric hydroxide in the tailing may also 
cause losses of adsorbed NH;. To investigate the 
magnitude of these combined losses, a sample of 
laterite was leached in a ratio 1:3 with a solution 
containing 3.78 pct NH; and 3.00 pct CO,. For some 
weeks the sample remained in a closed flask at 
room temperature. The washed tailing was then 
treated with NaOH and by distillation it was found 
that the losses of NH, amounted to 0.65 kg per ton 
of dry ore. This does not mean that under com- 
mercial conditions losses of NH; from this source 
will be of the same magnitude, for (NH,).CO; . 
MgO, . 4 aq crystallizes very slowly out from 
supersaturated liquors. Under countercurrent 
washing conditions probably NH, losses of this na- 
ture will be of little importance, if they occur at all. 

From the preceding data one may conclude that 
there will not be much variation in flowsheets for 
the ores contemplated. It may be expected that the 
values of the pregnant liquors may vary between 
1 and 2 pet (Ni + Co). The NH; content, will be 
somewhere near 6-7 pct with a corresponding CO, 
content of 5 to 6 pct. The ratio of solids to liquor in 
the pulp may vary between 1 to 3 and 1 to 6 ac- 
cording to the metal value of the ore. More or less 
heat will be generated while the reduced ore is 
dissolved depending upon the amount of alloy, with 
a resulting rise in pulp temperature. Increased 
temperature causes a better settling of the pulp, but 
the settling rate will remain low for most of the 
ore pulps to be treated. To a certain extent im- 
provement may be made by adding small amounts 
of an ammoniacal starch solution, even so the 
thickener surface required per unit of ore will be 
rather great. If a general figure could be given, it 
would be probably about 5 to 6 sq ft thickener area 
per 24 hr per 1000 kg of dry solids. On the other 
hand the large amount of washwater available 
when treating medium grade nickel ores limits the 
number of washing thickeners required. Dissolv- 
ing of metals proceeds rather fast, e.g. from 4 to 8 
hr agitation will give good yields. Strong agitation 
and adequate air supply are essential. The agitator 
capacity required will be reasonable as will be the 
NH, losses in the waste air. 

Everything taken into consideration, the ammonia 
leaching process properly controlled is promising 
and flexible and permits daily fluctuations of the 
grade of ore to be treated. 
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Separation of 


Nickel and Cobalt 


This article describes several 
chemical methods for separating 
nickel and cobalt as obtained by 
ammonia leaching. 

An electrolytic method for 
separating alloys of the two 
metals is also described. 


HE most outstanding property of ammonia 
liquors, used in the ammonia leaching process 
is their very limited ability to dissolve all com- 
pounds present in reduced ore except nickel and 
cobalt. Although they do have such a high degree 
of purity, even the smallest amounts of impurities 


_ contaminate the precipitate of basic nickel carbon- 


ate that may be obtained from pregnant liquors by 
straight distillation. Figures have been given in a 
separate paper regarding the extent of such contam- 
ination. The product of straight distillation is likely 
to contain small amounts of Fe, Mn, MgO and SiO, 
as well as some sulphate and sulphide. 

The sulphur can be readily eliminated by calcina- 
tion of the product at the proper temperature and 


- MgO and SiO, by reduction and melting of the metal 
- with a suitable flux. After such treatment the metal 


eo ie a 


is relatively pure, and the iron and manganese con- 
tent will be very small. The cobalt content, however, 
may vary considerably, depending upon the ore 


treated. The metal obtained from pure true garni- 


erite ores usually has only a small cobalt content of 


less than 1 pet. Metal obtained from medium grade 
- iron-rich nickel ores may show cobalt values from 2 
- to 3 pct, and the alloy obtained from laterite is likely 
_ to contain as much as 10 pct cobalt. By proper treat- 
ment a good deal of cobalt may be recovered from 
- lateritic nickeliferous iron ores, and cobalt will be- 
~ come the major constituent of the pregnant liquor if 
-asbolan ores or similar products are treated. The 
pregnant liquor of “run of mine” nickel ores may 


worth 


have a pinkish shade, indicating the presence of co- 


balt. It is evident that from such liquors the metals 
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should be recovered separately. Even if cobalt is 
present in only very small amounts, it would prob- 
ably be economically justifiable to recover both 
metals as pure as possible if a suitable process could 
be devised. The author has made investigations 
along this line and has patented some processes 
adapted to the treatment of this type of solutions. 


Selective Dissolution of Nickel from Basic Nickel 
Carbonate Containing Some Cobalt: Basic nickel 
carbonate obtained from true garnierite ores by 
straight distillation of the pregnant liquors, always 
contains some cobalt as well as the normal impuri- 
ties. In order to improve the quality of the nickel 
product and to recover most of the cobalt, the fol- 
lowing process has been devised. By using liquors 
with a low CO, to NH, ratio, nickel can be redis- 
solved preferentially to cobalt. It is not a sharp and 
clean separation but a selective one, for the bulk of 
the nickel may be redissolved with a small amount 
of cobalt, and a small residue may hold the bulk of 
the cobalt. The greatly increased cobalt content of 
the residue is indicated by a pronounced olive green 
color, in contrast with the light green color of pure 
basic niekel carbonate. The following example is 
given from Dutch patent No. 52788, Klasse 40a. 43 
granted June 17, 1942: The original precipitate 
contained about 0.55 pct cobalt calculated on total 
nickel + cobalt. Eight hundred and fifty grams of 
the basic nickel carbonate were redissolved in leach 
liquor containing 7.12 pct NH, and 2.12 pct CO,. 
The weight of the dry residue was about 3.5 pct of 
the original weight. By analysis it was found that 
the residue contained: Fe 1.93 pct, Co 6.01 pct, Ni 
34.87 pct and also a certain amount of silica. The 
clear filtered blue liquor was distilled and the pre- 
cipitate of basic nickel carbonate from this analyzed: 
Fe 0.008 pct, Co 0.0146 pct, Ni 42.37 pct. 

It is obvious that this product is considerably 
more pure, since calculation shows that about 94 
pet of the original cobalt remained in the residue. — 

Cobalt and nickel can be recovered by further 
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treatment of the residue. One unfavorable result 
of this simple process is that the residue is rather 
slimy and filters very badly in contrast with the 
original product. This is no doubt partially due to 
the silica content, which, although small in the 
basic nickel carbonate originally, accumulated in 
the residue. 


Selective Precipitation of Basic Nickel Carbonate 
from Pregnant Liquors by Interrupted Distillation: 
To avoid the filtration difficulties of the slimy res- 
idues obtained by selective dissolution another 
process not having this inconvenience has been de- 
vised and patented. (Dutch patent No. 52607 
granted May 16, 1942, and U.S.A. patent No. 2,290,- 
313, granted July 21, 1942.) 

The following example is given in these patents: 
Starting from a pregnant solution containing in 
proportion 1.1 pct cobalt to (Ni + Co), by selective 
precipitation it was found possible to precipitate 
first the bulk of the nickel with very little cobalt, 
then by further distillation of the clear filtrate 
thereof, the bulk of the cobalt was collected in a 
relatively small final precipitate. Both products 
filter excellently. Earlier it was pointed out that 
most of the iron, manganese, magnesia and silica 
impurities will come down during the first stage of 
distillation, whereas most of the sulphur will be 
precipitated towards the end of distillation. It is 
obvious therefore that the bulk of the nickel pre- 
cipitated first collects the greater part of the im- 
purities and that the cobalt-rich final product holds 
comparatively few impurities but considerably more 
sulphur. The following results are quoted from the 
U.S.A. patent: “A nickeliferous and cobaltiferous 
ammoniacal solution of ammonium carbonate was 
subjected to four stage distillation, and the four 
precipitates so formed were isolated, the result be- 
ing: 


Amount in mg of 
Proportion 
b of cobalt 
Ni Co Pct 
In first precipitate 563.1 0.60 0.107 
In second precipitate 5623.1 6.24 0.111 
In third precipitate 281.0 17.62 59 
In fourth precipitate 134.7 48.1 26.3 


Thus more than 90 pct of the total amount of 
cobalt present in the ammoniacal liquor was con- 
centrated in the last two precipitates, and these 
contained only 6.3 pct of the total amount of nickel. 
The first two precipitates contained 93.7 pct of the 
nickel, the proportion of cobalt thereof being lower 
than that of electrolytic nickel.’”’ The amount of Co 
in the nickel-precipitate is about 0.11 pct of (Ni -|- 
Co), or 1/10 of the original proportion as present 
in the pregnant liquor. 

Vacuum distillation will proceed at lower tem- 
perature, and experimentally it has been found that 
the precipitate of basic nickel carbonate thus ob- 
tained will hold somewhat less cobalt. The same 
was observed by passing CO, through the liquor 
during the course of distillation in order to ac- 
celerate the distillation. As NH, will be expelled 
faster from the liquor by this procedure, the greater 
part of the precipitate was formed at a somewhat 


lower temperature, hence the better result. Both 
processes, selective dissolving and selective pre- 
cipitation of basic nickel carbonate, may under cer- 
tain conditions give similar results as far as the 
concentration of cobalt is concerned. The final 
nickel product of the first process, however, will 
contain fewer impurities than the product obtained 
by selective precipitation. The latter process, on the 
other hand, is more simple and economical and ex- 
cellent filtering products will be obtained from it. 


Precipitation of Basic Nickel Carbonate of High 
Purity from Pregnant Liquors. General Aspects: 
Although the results so far obtained by the processes 
discussed, were rather satisfactory from the point 
of view of cobalt concentration in a small residue, 
yet they have not given full satisfaction with regard 
to the elimination of impurities from the main prod- 
uct. Sulphur, for instance, should be eliminated 
from the improved nickel product by calcination at 
high temperature, and even though this operation 
may not be considered a problem, it will be an eco- 
nomical improvement if it can be avoided. The 
author has devised a process for the almost complete 
elimination of all impurities, including sulphur, 
from the main nickel product. This process consists 
of one single and simple treatment. (See Dutch 
patent No. 55376 40a.43, granted Sept. 16, 1943, and 
French patent No. 931,765, granted Aug. 2, 1946.) 

Earlier evidence was given that it is the CO, con- 
tent of the leach liquor that is mainly responsible 
for holding impurities such as Fe, Mn and silica in 
solution. These impurities will be precipitated dur- 
ing the course of distillation while the CO, is being 
expelled from the solution. It has also been pointed 
out that ammonium carbonate solutions having a 
ratio NH; to CO, as 1 to 2.2 have but a limited solu- 
bility for nickel. The CO, content of solutions may 
be increased materially by saturation of the solu- 
tion with gaseous CO, at room temperature. Under 
such conditions solutions may be obtained which 
hold three times as much CO, as NH;, and such 
solutions are indeed very poor solvents for nickel. 
On the other hand if the ratio NH;:CO, is 1:1, they 
are good solvents for nickel and can hold a maxi- 
mum amount of nickel in solution. Such liquors 
saturated with nickel may be easily obtained by 
partial distillation of pregnant liquors only to the 
point when nickel begins to precipitate. After cool- 
ing to room temperature, such solutions can be 
readily saturated by CO., causing the bulk of nickel 
to precipitate from the supersaturated liquor. Under 
such conditions, however, the solubility of the liquor 
for Fe, Mn, SiO, and MgO does not diminish and 
will even increase. Hence it is obvious that the 
impurities will remain in solution while basic nickel 
carbonate is precipitated, which also holds true for 
the sulphate present in the liquor. These funda- 
mental factors will give the product the high purity 
desired. Last, but not least, the primary aim of 
keeping the cobalt in solution is nearly fulfilled, for 
very little cobalt will come down with the basic 
nickel carbonate. Separation of nickel from cobalt 
is thus more effective with the low temperature 
precipitation process than with the two processes 
previously mentioned. (Table I). 

Total amount of Ni precipitated from liquor 79.3 
pet. The percent cobalt, (pct Co in Ni + Co) as 
present in the precipitate is 0.125 pct or 1/40 of the 
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original ratio as present in the pregnant liquor. This 
result gives a fair idea of the effective elimination 
of impurities and how small the tendency is for 
cobalt to contaminate the nickel precipitate. The 
process opens the possibility for double treatment. 
As most of the nickel precipitates from the liquor, 
there is an excess of NH; in the filtrate that can be 
expelled again by partial distillation, and the cycle 
can be repeated. (Table II). 


Relationship Between the Amount of CO, Ab- 
sorbed by the Pregnant Liquor and the Amount of 
Ni precipitated: The lower the temperature of the 
liquor, the more CO, that can be taken up and the 
larger the precipitate of basic nickel carbonate. 
(Table ITI). 

It is also interesting to note that a considerable 
increase in nickel precipitated can be gained by 
dilution of the nickel-saturated liquor prior to 
saturation with CO.. 

A pregnant liquor containing not less than 3 pct 
nickel was saturated at room temperature with CO.. 


Table I. Results 


Analysis of pregnant Analysis filtrate Analysis 


liquor saturated after COz washed and dried 
with nickel saturation on basic-nickel- 
Z original volume carbonate 
Pct Pct Pct 
Ni 0.701 0.145 Ni 39.62 
NHs 1.27 1.18 Co 0.05 
COz2 1.38 3.82 Fe trace 
SO 0.136 0.135 MgO 0.006 
Pct Co of 0.036 0.036 SiOz 0.004 
Co 5 20 SO4 0.005 
(Ni + Co) 
9 
Sy 
ace | 
19 'O 
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He | 
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The fall of basic nickel carbonate was very bulky 
and 62.4 pct of the nickel was precipitated. The 
filtrate was diluted with water to twice the volume, 
whereupon it could take up a good deal of CO, again. 
The total effect was that 89 pct of the nickel was 
precipitated, a material increase making a double 
treatment superfluous. It should be realized that 


Table II. Example 


Precipitate 
Pct Pct Pct Pct Pct Coin | Pct Coin 
NHs COz Ni Co (Ni + Co) | (Ni -+ Co) 
Pregnant liquor 1.27 1.38 0.701 | 0.367 5 
1st filtrate 1.18 3.82 0.145 0.364 20 0.125 
2nd filtrate 0.39 0.92 0.077 0.363 32 0.36 


Table III. Example 


Filtrate Filtrate 
after satura- after satura- 
Pregnant tion with tion with 
liquor COsz at 20°C COz at 0°C 
Ni 1.71 0.396 0.28 
NHs 3.04 2.87 2.94 
COz 2.57 6.12 6.89 
Pct nickel 
precipitated 76.8 pct 83.6 pct 
from liquor 


in this case twice as much solution should be dis- 
tilled to recover the remaining Ni (and Co) from 
the mother liquor. It is advisable to expel with wet 
live steam the excess NH; and CO, from the preg- 
nant liquor, thus increasing naturally the volume 
of the liquor. A single treatment makes a much 
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Fig. 1—Flow Sheet 


for the recovery of very pure basic nickel-carbonate and a small intermediate product materially enriched with cobalt. 
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simpler flowsheet and should be given preference 
whenever possible. 

As has been outlined above, a dilution of the 
liquor with H.O to twice its volume, will materially 
increase the amount of nickel that can be precipi- 
tated by CO, saturation of the liquor. This increase, 
however, does not continue to any extent by further 
dilution. This was borne out by experiment. A 
liquor saturated at boiling temperature with nickel, 
as indicated by a visible turbidity and cooled there- 
after to room temperature contained 2.8529 pct Ni 
and 4.35 pct NH. 

The saturation with CO., at room temperature, 
was affected in a closed agitator under a constant 
pressure of 780 mm Hg. Under these conditions, the 
NH; content of the liquor remained unchanged dur- 
ing the saturation, and the temperature of the liquor 
was measured immediately after saturation. 


Anode ; 75% Co 
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electrolyte 


Fig. 2—Circuit of Cells. 
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heating has some advantage in that it will give 
little dusting, because of the small gas volumes 
passing through the cylinder. A more dense metal 
sponge can also be obtained in a rotary kiln in- 
ternally heated by partial combustion of sulphur 
free gas, and it would be an easy matter to produce 
Ni-sponge at 900°C or 1000°C. Cyclones will, of 
course, be required because of the greater dusting. 
The sponge obtained at 700°C is still very light but 
can be easily compressed to “rondelles”; the sponge 
produced at 1000°C is somewhat more dense. If the 
nickel is to be used in the production of nickel 
plate, or in the normal dense form, it must be 
melted. Because of the high purity of the sponge, 
it should be borne in mind that every additional 
treatment is apt to introduce impurities into the 
metal. 
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Parts of the original liquor were also diluted with 
one, two and three times their volumes with water. 
Thus the corresponding values of nickel and NH, of 
those samples were respectively 1/2, 1/3 and 1/4 
of that of the original sample. (Table IV). 

Under vacuum the precipitate of basic nickel 
carbonate filtered excellently. No cracks were no- 
ticed in the filter-cake. 

The Significance of Very Pure Basic Nickel Car- 
bonate: The process as described has many advan- 
tages in producing nickel oxide or nickel of a very 
high degree of purity as compared with other 
processes. 

A simple calcination at about 300°C gives black 
oxide, containing some Ni,O;, a voluminous product 
quite different from the heavy dense green product, 
NiO, obtained by calcination at 1000-1200°C. It is 
questionable if the black oxide can find a market 
but if it can, production is very simple. All that 
should be required is a rotary steel cylinder, ex- 
ternally heated to recover simultaneously the CO, 
expelled from the basic carbonate. To obtain very 
pure sponge metal, calcination and reduction with 
a sulphur free gas can be readily accomplished by 
external heating at 700°C in a rotary steel cylinder 
of heat resisting steel. In this special case external 
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Nature of the Basic Nickel Carbonate as Ob- 
tained by Saturation of Solutions at 20°C with CO.. 
Analysis of Product Air-dried at Room Tempera- 
ture: Analysis: Ni 35.36 pet, H.O 33.78 pct, CO; 28.94 
pet. By calculation it was found that 5 mol Ni has 
combined with 3.975 mol CO, or more likely it will 
be 5 with 4. Hence the product probably has the 
following chemical structure. 


OH 
Ni 

CO; 
Ni 

CO, -+ l5aq 
Ni 

CO, 
Ni 

CO: 
Ni 

OH 


The amount of H.O present in the compound de- 
pends upon the formation temperature of the basic 
nickel carbonate. 
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Ratio NiO:H20 


Distilled a 93°'G 5.9 

Vacuum distillation at 78°C 4.8 I] 1 
Vacuum distillation at 73°C 4.35 daca oe oan 
Saturation with COsz at 22°C 2.09 temperature 
Saturation at about 0°C 1.6 


It was also found that the CO, content of the 
basic carbonate, precipitated by saturation with CO; 
increased with decrease of temperature of the solu- 
tion. The CO, content of the solution increased at 
the same time. No doubt there is a close relationship 
between the CO, content of the basic nickel car- 
bonate and the CO, content of the solution. The CO, 
is loosely bound in compounds obtained at low 
temperature as was observed in a product obtained 


Table IV. Results 


Remaining Pct Ni 
Ni in solu- precipitated 
Saturated | tion computed from liquor 
Dilution with COz to original as basic Ni- 
with HzO ate.G volume carbonate Remarks 
None 24 0.6084 78.7 Fluidity of the 
5 suspension good 
1x vol 23.5 0.3291 87.8 Very fluid, COz 
was taken up fast 
2 x vol 22.5 0.3265 88.9 Idem 
3 x vol 23.0 0.3352 88.6 Idem 


‘at 0°C by saturation of the solution with CO,. While 
being washed with hot water it spontaneously lost 
part of its CO, content. The product is voluminous 
but nevertheless it filters very well. 


Nature of Cobalt Present in Small Amounts in 
Basic Nickel Carbonate: Some information has 
been obtained from solutions free from nickel and 
impurities, containing only Co, NH; and CO.. By 
distilling such pure cobalt solutions, Co(OH), will 
be precipitated after the excess of NH; and CO, has 
been expelled. 

_ If only part of the Co is precipitated by distilla- 
tion, no precipitate is formed when the dark red 
filtrate is cooled to room temperature and saturated 
“with CO,. The high CO, content of the liquor does 
“not diminish the solubility of cobalt. Products ob- 
tained by. distillation may contain more or less 
-Co(OH);. There is no indication, however, that 
basic nickel carbonate, formed by CO, saturation of 
‘the liquor at room temperature, would contain such 
“a compound or any other Co compound. 

It was observed that cobalt present in such prod- 
ucts will color the washwater, even after repeated 
washings. If the filtrate at last- becomes colorless 
a rose-colored filtrate may appear again after the 


It was further proved that nickel products ob- 
tained from vacuum distillation contain somewhat 
less cobalt than products from normal distillation, 
and products obtained by CO, saturation at low 
temperature show the smallest amounts of cobalt. 

The conclusion may therefore be drawn, that the 
nickel products should be thoroughly washed with 
ample hot washwater. 


Heat of Neutralization: When carbon dioxide 
combines with dilute ammonia solutions, heat will 
be liberated according to the equation: 


HO ++ 2NH, + CO, = (NH,).CO, + 10.7 cal. 


The result is that for each 4.1 pct CO, taken up by 
the ammonia solution its temperature will rise 10°C 
if the specific heat of the solution is assumed to be 
one. Liquors saturated with about 2 pct nickel may 
rise 15°C or more in temperature by complete 
saturation with CO., if no heat is lost by conduction 
or other means. It is therefore essential either to 
cool the liquors sufficiently prior to saturation with 
CO., or during the saturation. 


Solubility of Nickel in Washwater: If basic 
nickel carbonate is washed with hot water on a suc- 
tion filter, the washwater may contain about 0.01 
pet Ni. Agitating basic nickel carbonate with dis- 
tilled water at room-temperature and in the mean- 
time saturating the water with CO, results in the 
appearance of pale green liquor containing about 
0.1 pet Ni. Obviously the solubility of basic nickel 
carbonate in water increases with increasing CO, 
content. 

By adding a small amount of a clear solution of 
Ca(OH), to the washwater, nickel ceases to be solu- 
ble, as is the case when very small amounts of 
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ing. The same phenomenon was observed while 
washing products obtained by straight distillation. 
‘For such products there are possibly two causes 
‘for the presence of cobalt: (1) precipitation of 
some Co(OH),; (2) physical sorption by the basic 
‘nickel carbonate. 
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Electrolytic separation of cobalt and nickel. 
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ammonia are added. It is merely a question of 
bringing the pH of the washwater somewhat above 
le 

When basic nickel carbonate is washed with water 
or wet steam, the washwater will contain small 
amounts of nickel and cobalt. By adding a small 
amount of Ca(OH)., nickel will be quantitatively 
precipitated as the hydroxide almost free from co- 
balt, while cobalt may be precipitated by adding 
Na.S to the clear colored filtrate. Losses can be 
thus prevented, but it would be more practical 
simply to return the washwater to the pregnant 
solution prior to its saturation with CO., since a 
dilution of the solution is in this case desirable. 


Distillation of Liquors Saturated with CO.: It is 
characteristic that when solutions saturated with 
CO, are distilled, the bulk of CO, will come off in 
the early stage of distillation before the NH:, and 
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flowsheet has been drawn to clarify the required 
steps. To secure a final complete recovery of all 
the values, it is necessary to add a small amount 
of Ca(OH), to the still to break up small amounts 
of (NH,).SO, that may be present and may hold 
some nickel, cobalt, and ammonia in solution. In 
the right upper corner of the flowsheet a straight 
line has been plotted, indicating roughly the corre- 
sponding NH,-CO, values of solutions in the pres- 
ence of more or less nickel. These solutions are dis- 
tilled until the first precipitate of basic nickel car- 
bonate appears. As has been pointed out earlier, 
the NH, and CO, contents are not exactly equal in 
such solutions but for a rough orientation this line 
may serve the purpose. 


Electrolytic Separation Methods 


General Features of the Process. The three proc- 
esses discussed so far aimed at the recovery of a 
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most of the CO, simply passes through the con- 
densor as a gas. NH; and CO, are found in about 
equal amounts in the condensate and in exactly the 
desired ratio for making up fresh leach liquor. The 
recovery of both gases in the condensate is almost 
complete in the case of solutions containing less 
CO, than NH. 

Recovery of basic nickel carbonate from the preg- 
nant solutions will withdraw an equivalent amount 
of CO, from the ammonia circuit, and CO, must 
therefore be introduced in the strong fresh am- 
monia liquor to make up for the loss. Assuming 
that basic carbonate of nickel will be calcined in 
such a way that the CO, expelled from the com- 
pound can be recovered by passing through the 
fresh strong condensate, it is obvious that except 
for inevitable losses, the CO, cycle is fully closed. 
No doubt the process outlined will prove to be quite 
feasible and attractive since it gives very pure 
products. The progress of distillation of four dif- 
ferent types of solutions has been plotted on curves. 
They are comprehensive and need no further com- 
ment (see TP2739D, page 67, this issue). 


Flowsheet (fig. 1). Although a single operation 
seems preferable, a double stage treatment may be 
required to get a sufficient concentration of cobalt 
in the final product. For this reason a two-stage 


Length of cathode 75cm 
Height of cathode 60cm 


primary nickel product containing very little cobalt 
and the concentration of cobalt in a relatively small 
amount of secondary product. From this secondary 
product both nickel and cobalt should be recovered 
in a pure state if possible. This problem has been 
solved by the author in two different ways. On the 
electrolytic process, patents have been granted in 
the Netherlands No. 61227, Klasse 40c. 8, May 16, 
1948, and in France No. 936,742, granted Aug. 9, 
1946. 

The general features of this process will be dis- 
cussed in the following pages, but it is first of in- 
terest to refer to an article that appeared in “Trans- 
actions of the American Electrochemical Society” 
Vol. LVIII (1930), (see p. 377, and the correspond- 
ing curve on p. 375). The article discusses the 
electrolytic deposition of nickel and cobalt from 
acid sulphate and chloride solutions, both metals 
occurring as simple ions. Experimentally it was 
found that cobalt was deposited in preference to 
nickel. From electrolytes containing both metals in 
equal proportions it was observed that pure cobalt 
was deposited, and as a result the cobalt content of 
the electrolyte decreased and nickel began to pre- 
cipitate. As the ratio Co:Ni dropped to 3:97, an 
alloy was plated on the cathode containing both 
metals in equal proportions. Using an alloy con- 
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taining 50 pct each of nickel and cobalt as anode, 
in a closed circuit an equilibrium will be estab- 
lished when the ratio Co to Ni in the electrolyte is 
3:97. From that moment the alloy dissolved at the 
anode will be simply transferred to the cathode, 
assuming that the current efficiencies for anode and 
cathode are the same. 

Under white electroplating conditions this actu- 
ally takes place. 

An analysis of the electrolyte, however, would re- 
veal a much lower Co:Ni ratio than present in the 
anode. It is generally accepted that the separation 
of nickel and cobalt by electrolysis is not easy. 

Characteristics of the method devised by the 
author may be summarized as follows: 

1. The use of ammoniacal electrolytes free from 
impurities. 

2. The use of soluble anodes of Co-Ni alloys. 

3. The use of electrolytes of compositions that will 
show the strongest possible tendency of cobalt to 
be plated free from nickel. 

4. The adoption of an open circuit, passing the 
electrolyte through a number of cells in series, pro- 
ducing continuously pure cathodic cobalt in the 
upper part of the circuit, and discharging a cobalt- 
free high nickel electrolyte at the lower end of the 


_eells. 


5. Securing a strong circulation of the catholyte 
along the cathode, and keeping the anolyte sepa- 
rated from the catholyte, e.g. by a canvas dia- 
phragm. 

6. Using closed cells. 

The process is further characterized by a great 
difference in cathode and anode current efficiency, 
which in conjunction with the tendency to form 
insoluble basic cobalt nickel compounds with highly 
increased cobalt content at the anode, has greatly 
helped to solve the problem. The basic compounds 
with a high cobalt content can be dissolved readily 
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and may be returned as electrolyte to enrich the 
cobalt content of the electrolyte in the upper cells, 
thus facilitating the deposition of pure cobalt. At 
the lower end an almost cobalt-free high nickel 
‘containing electrolyte is discharged. By distilling 
this solution after the addition of Ca(OH). or NaOH, 
nickel will be recovered as hydroxide and ammonia 
will be returned to the process. The ammonia cir- 
cuit is therefore entirely closed. Having now out- 
lined the main features, it will be necessary to dis- 


- cuss the process more in detail. 


Chemistry of the Process: From basic nickel car- 
bonate enriched with cobalt, neutral chloride solu- 
tions may be obtained readily by dissolving an ex- 
cess of the product in hydrochloric acid. This 
reaction will proceed with the liberation of CO, and 


the evolution of a good deal of heat. In such solu- 
tions both metals will be present in the bivalent 
state. Instead of hydrochloric acid, other acids such 
as sulphuric acid, acetic acid, etc. may be used to 
produce neutral liquors. By adding sufficient am- 
monia to such solutions, soluble complex compounds 
will be formed. There is, however, a difference in 
behavior between nickel and cobalt. Nickel, the 
more noble metal, will remain in the bivalent state, 
whereas cobalt, having a more basic character, will 
be changed readily to the trivalent state in am- 
moniacal liquors that are in contact with the air. | 
The freshly prepared liquor has a brown color, and 
as it comes in contact with the air the color becomes 
gradually darker, becoming finally a dark red as a 
result of oxidation. 

The cobalt is changed to the trivalent state, and 
the solution is clear if sufficient NH,Cl is present. 
This oxidation result may be obtained instantane- 
ously by adding hydrogen peroxide. 

In the absence of NH,Cl, oxidation of cobalt will 
proceed just the same, but the result will be some- 
what different, as is evident from the following 
equation: 


3CoCl, + H.O + 1/20, + 10NH, = 2Co(NH;);Cl, + 
Co(@OEe 


In the absence of-chlorine one third of the cobalt 
will precipitate as Co(OH)., and will be gradually 
oxidized to the brown colored Co(OH),;, while the 
clear filtrate will be dark red colored. In this am- 
moniacal chloride solution cobalt will be present 
as Co(NH;);Cl;. This compound may crystallize out 
if the ammonia content of the solution is insufficient 
or if the concentration of cobalt is too high. 

On adding ammonia to chloride _ solutions 
CoCl.(NH,)Cl will be formed as an intermediate 
compound that will readily change to Co(NH;)-;Cl; 
on further addition of ammonia. And if there is 
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sufficient chlorine as free HCl or NH,Cl present in 
the liquor there is no reason that Co(OH), should 
be formed. In the absence of excess acid it is obvi- 
ous that no NH,Cl will be formed, assuming that no 
dissociation of Co(NH;);Cl,; takes place. Cobalt is 
thus present in the solution as Co(NH;);Cl; when 
the simple ammonium salt (NH,Cl) is not present. 

As nickel will remain in the bivalent state while 
being converted to the ammoniacal complex com- 
pound NiCl..6NH, a clear ammoniacal solution will 
be obtained from a neutral nickel chloride solution 
without the formation of any precipitate when suffi- 
cient ammonia has been added. The ammoniacal 
solutions that may be obtained from basic nickel 
carbonate enriched with cobalt may therefore be 
divided into two distinct classes: a. Solutions con- 
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taining both metals, nickel and cobalt, as ammoni- 
acal complex compounds free from simple ammoni- 
acal salts such as (NH,)Cl, (NH,).SO, etc.; and b. 
solutions that do contain a certain amount of simple 
ammoniacal salts such as (NH,)Cl, etc. in addition 
to the complex compounds of nickel and cobalt. The 
last class may be obtained by purposely adding 
simple ammonia salts to the class mentioned under 
(a), or by starting with solutions containing a cer- 
tain amount of free acid. 


Cathodic Reactions: If an electric current is 
passed through an ammoniacal solution containing 
both metals, cobalt is not at once precipitated, but 
it takes some time before the first deposit is 
formed. Under certain conditions of relatively low 
current density no cobalt will be deposited at all 
if the electrolyte is free from nickel, because cobalt 
will be present in the trivalent state. The first re- 
action at the cathode will be: 


(1) Co*** + e = Co* (a reduction from the tri- 
valent to the bivalent state). 


In contact with the air, oxidation may offset this 
reduction, 


(2) Co** + oxidation by air = Co***. 


Both reactions may be in equilibrium at a certain 
current density, etc., and under such conditions 
cobalt will not be deposited at the cathode. At 
least this will hold true if we assume that cobalt 
can be plated only from the bivalent state, and there 
is no reason for another conception. The mechanism 
of the cathodic reactions as discussed readily ex- 
plains the very low cathodic current efficiencies ob- 
served experimentally under low current densities. 

As soon as reaction (1) predominates, cobalt is 
plated out, 

(3) Co -- 2e° == Co 

but not until a certain current density is reached. 
All cathodic current efficiencies to be discussed 
have been calculated on the basis that cobalt was 
plated from the bivalent state, implying that theo- 
retically about 1100 mgr Co will be deposited per 
amp hr. It is interesting to note that similar 
phenomena have been observed in chromic chloride 
solutions subjected to electrolysis, in which case the 
current must pass through the electrolyte for some 
time before chromium will be deposited. This may 
have been caused by similar reactions. 


Cy SCri teen == Cr 
(2) Cr -—- 2e — Cr. 


In solutions of ammoniacal complex compounds 
of cobalt the following reaction takes place at the 
cathode: 


Co (NH,).** + 5H,O + 2e = Co + 5 (NH,) OH. 


This reaction will proceed without the evolution 
of hydrogen, but there are also NH, ions present, 
which may also give off their charge: 


NH,’ + e + H.O — (NH,)OH + H. 


Such a reaction seems to be of little importance 
if the electrolyte is free from simple ammonia com- 
pounds such as (NH,)Cl, (NH,).SO,, etc.; however, 
if increased amounts of simple ammonium com- 


pounds are present, hydrogen evolution at the 
cathode is likely to occur. With the use of electro- 
lytes of correct composition hydrogen pitting on the 
cathode deposit has never been observed. f 

Assuming that the efficiency of anodic oxidation 
of cobalt will be 100 pct and that no hydrogen will 
be liberated at the cathode, it is evident that the 
most favorable cathodic current efficiency will not 
be more than 2/3 of the theoretical value for the 
sole reason that 1/3 of the current is required for 
the reaction Co*** + e = Co™. 

The current efficiencies for nickel will naturally 
be very high, since nickel remains in the bivalent 
state in the ammoniacal electrolyte. Experimentally 
it was also found that nickel can be plated at low 
current density. 

It was observed that the cathodic current effi- 
ciency of cobalt is greatly affected by decreasing 
current density, in contrast to that of nickel. The 
difference in behavior of both metals is plainly ex- 
hibited by the figures in Table V. 


Table V. Difference in Behavior of Metals 


Pure ammoniacal Ni-liquor| Ammoniacal cobalt-nickel-liquor 
Dynamic Current Dynamic Current Current 
poten- efhi- poten- density effi- Remarks 
tial ciency tial per dm? ciency 
Volt Volt Amperes Deposit 
¥.95 87.7 1.85 3.55. 27.6 Pure cobalt 
2.53 95.4 2.18 6.— 46.— Pure cobalt 
3.48 98.— 2.40 8.05 64.— Pure cobalt 
2.78 fi 73:5) 8.8 pct Ni 
in alloy 


* The current density of 11.7 amp per dm? is far too high to secure 
a good separation; hence some nickel is found in the deposit of cobalt. 
The nickel has been calculated as cobalt for the estimation of the current 
eficiency, thus explaining the value above the possible theoretical one. 


Ionization and Anodic Reactions: The ammoniacal 
complex compounds of nickel and cobalt are only 
slightly ionized, whereas simple compounds such as 
NH.Cl1 to an electrolyte of composition a will cause 
a drop in dynamic potential, while the cathodic cur- 
rent density will remain the same. This results also 
in a somewhat lower cathodic current efficiency. 
On the other hand, it may be stated that the anodic 
dissolution of the metal may vary somewhere be- 
tween 102 pct to 105 pct for chloride containing 
electrolytes, while it is almost independent of 
cathodic current density. What will be the effect 
of this behavior on the electrolyte, etc.? It is clear 
that if cobalt is deposited in a pure form free from 
nickel, e.g. at a current efficiency of 60 pct, an 
amount of chlorine equivalent to the composition 
Co(NH;);Cl, will become available at the anode. 
With a 100 pct anode current efficiency the amount 
of Co and Ni dissolved will be considerably greater 
than the amount of cobalt deposited at the cathode, 
so the chlorine content will be too low to keep up 
for the amount of Ni and Co oxidized at the anode 
in solution as NiCl,.6NH,; and Co(NH;),Cl;. In addi- 
tion we must realize that the OH-ion concentration 
at the anode will be high, the combined effect being 
that basic compounds will be formed at the anode. 


Cl Cl 
OH Co Fon 


(2). Cot + 2(0H)- = Co(OH), 
Ni** -- 2(OH)- = Ni(OH), 


(bys aN a 
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(4) 23°C | 2.20 


The more basic character of cobalt causes it to be 
precipitated in preference to nickel; hence the basic 
compounds formed at the anode will contain a larger 
percentage of cobalt than present in the anode. 

Increase in cathodic current efficiency will cause 
more chlorine to be liberated at the anode thus de- 
pressing the amount of basic compounds formed. 

With the addition of NH,Cl to the electrolyte of 
type a more chlorine ions will be liberated at the 
anode. The result is that NH,Cl will be broken up, 
(NH,)OH will be formed at the cathode, less basic 
compounds will be formed at the anode, more metal 
will enter into solution, and there will be an in- 
creased tendency for hydrogen to be liberated at 
the cathode. 


Discussion of Results: Cylindrical anodes (short 
tubes) of Ni-Co alloys were cast for this investiga- 
tion. Cylindrical cathodes were used, rotating at a 
speed of 135 rpm within the anodes. The internal 
diameter of the anodes was 37 mm, with corres- 
ponding cathodes of 20 mm diam and 0.2 dm? sur- 
face. Cells were of the open type. In only one case 
was it found that the cobalt deposit was visibly 
pitted because of hydrogen bubbles adhering te- 
naciously to the surface. This occurred when 3 pct 
NH,Cl was added to the electrolyte of composition 
a. This undesirable effect was not noticed with less 
than 2 pct NH.Cl. 


Selectivity of the Electrolyte 


Experimentally it was found that the amounts of 
NH; and NH,Cl in the ammoniacal liquor have a 
good deal of influence on its properties as an 
electrolyte. The following results show that certain 
requirements must be met to give the electrolyte 
the desired qualities. The anode consisted of 75 pct 
Co and the rest Ni. The electrolyte had the compo- 
sition of type a, and did not contain NH,Cl as a 
simple ammonium compound. (Table VI). 


Table VI. Selectivity of the Electrolyte 


Chloride Electrolyte (1) Co 1.468 pct, Ni 0.488 pct, NHs 5.3 pct 


Cathodic Ni in KWH | Ratio total 
: current | Cathede| cathode |consumed| metal con- 
_ Temperature|Dynamic| density | current | deposit | per Kg | tent to NHs 
of poten- | amperes effi- |pct Ni of|cobalt de-| content of 
electrolyte tial per dm? | ciency |(Ni+Co)| posited | electrolyte 
BEA 20°C: |* 1.72 2.5 43 11.4 pet 3.6 1:2.7 
Electrolyte (2) Co 1.101 pet, Ni 0.666 pct, NHs 6.30 pct 
(2) 26°C 2.20 | 4.2 | 69.2 | 2.4 pct 3e2 | 1:3.6 
» Electrolyte (3) Co 0.758 pet, Ni 0.613 pct, NHs 7.37 pct 
a 25°C | 2.35 3.9 | 58.8 | 0.0pcr| 3.6 | 1:5.4 


From these experiments the following conclusions may be drawn: A 
sufficiently high ratio of metal to NHs is essential for obtaining good 
selectivity. The result is probably due to a change of ionization such 
that the ratio between the available cobalt and nickel ions increases 
in favor of cobalt. 


To a sulphate liquor of the type @ containing no (NHs)2SOs, 1 pct 


NHiC1 was added. 


Electrolyte (4) Co 0.602 pct, Ni 0.704 pct, NHs 4.78 pct (NHa) C1* 1 pet 


2:5 41.5 0.0 pct 


4.8 | 1377 


* Added to prevent passivity of the anode. 


It is evident from these results, that electrolytes 
with great selectivity should contain a substantial 
excess of ammonia and a certain amount of a simple 
ammonia compound. 

Attention was focused upon the deposition of pure 
cobalt in the upper part of the circuit. At the 
lower end the electrolyte has to be discharged as 
a solution containing most of the nickel and almost 
no cobalt. 

Electrolyte (3) seems promising for producing 
pure cobalt in the upper cells of the series, and the 
addition of a small amount of NH,Cl will probably 
improve the quality still further. Electrolyte (4) 
also gave satisfactory results. The amount of NH,Cl 
to be added should not be too great as was shown 
by the following results: To an electrolyte of type 
a1 pct and 3 pct NH,Cl were added. (Table VII). 


Table VII. Results 


Cathodic | KWH con- 
Electrolyte | Dynamic Cathodic | current | sumption per} Tempera- 
of the type po- current effi- kg of Co ture of 
a@ added tential density ciency deposited electrolyte 
1 pct NHsC1 2.10 5.6 61.7 3.09 26°C* 
3 pct NHs4Ct 2.14 9.0 64.5 3.01 PIN Cie 


* The cathode deposit was very smooth. 
+ The cathode deposit was pitted as a result of hydrogen bubbles. 


The following experiments were made to get a 
clear picture of the conditions at the lower end of 
the circuit, aiming at the discharge of a cobalt-free 
nickel solution. 

The cathodic current density was kept constant 
for all three experiments at 1 2/3 amp per dm’ 
surface and the temperature was held between 17- 
22°C; composition of anode: Ni 88.27 pct, Co 11 
pet, Fe 0.5 pct, Si 0.23 pct. 


Pct Co of (Ni + Co) = about 11.2 pct. 
Composition of electrolytes: 
(1) 6 pet NH; and in addition 2 pct NH.Cl free 
from nickel. 
(2) 6 pet NH, and in addition 2 pct NH,Cl con- 
taining 1.89 pct nickel. 
(3) 6 pet NH, without NH,Cl containing 1.893 pct 
nickel. 


A low current density is required since the alloy 
deposited on the cathode contains chiefly nickel. 
(Table VIII). 

It was to be expected that electrolyte No. 3, con- 
taining no NH,Cl would not only produce the great- 
est amount of basic compounds, but the cobalt 
content thereof was higher than with electrolytes 
No. 1 and 2, both of which contained NH.Cl. The 
low cobalt content of the cathodic deposit of electro- 
lyte 3 is fully explained by the fact that 30 pct of 
the cobalt is withdrawn from the electrolyte as an 
insoluble basic compound. 

Electrolyte No. 2 with 2 pct NH,Cl showed a very 
high selectivity for depositing cobalt first, as the 
ratio of the Co content of the deposit to the Co con- 
tent of the electrolyte proved to be not less than 85 
while with electrolyte No. 3 containing no NH,Cl 
this ratio was only 30. 

The presence of NH,Cl in the electrolyte is there- 
fore no doubt indispensable. It is also evident from 
the results that the application of an anode of pure 
nickel in the last cell of the series will cause a com- 
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plete removal of remaining cobalt in the electrolyte; 
thus a cobalt-free nickel electrolyte can be dis- 
charged at the lower end of the open circuit. 


The Amount of Basic Chloride Formed at High 
Cathode Current Density at the Anode: The pro- 
duction of pure cobalt at high current density will 
minimize the amount of basic chloride formed at the 
anode and will simultaneously result in a reasonable 
current efficiency, as has been explained earlier. In 
order to achieve this it is desirable to use anodes 
and electrolytes with a reasonably high cobalt con- 
tent in the upper cells of the series, and it is of im- 
portance to know the amount of basic compounds 
that will be formed under such conditions. The fol- 
lowing experiment was therefore made. (Table IX). 
The results were obtained by using an anode con- 


Table VIII. Results 


Table X. Composition of the Basic Compounds 


Analysis of basic compound 
Pct Co of 
‘ aie 
Pct Coo in basic x 
anode compounds Pct Co Pct Ni Pct Cl Color 
11.2 25.6 green £ 
25.8 68.5 33.98 15.66 14.85 dark green*t 
75.- 91.85 42.— 3.73 pinkisht 
* Values of another test 32.28 49.5 14.68 
+ From ammoniacal 
splpiese aa 
electrolyte containing 
1 pet NHiCl 26.7 17a S$O4 20.3 
£ Values of another test 45.7 4.21 


The great relative increase in cobalt 
content in the basic compounds is evi- 


dent. The basic compounds adhere 
more or less to the surface of the anode, 
and are porous, not voluminous. Their 


Electro- Electro- Electro- 
lyte lyte lyte Remarks 
1 2 3 
Dynamic potential in volts 2.30 1.90 2.02 High current effi- 
Current efficiency in pct 93 96 97 ciency due to high 
nickel content of 
alloy plated 
Co in cathode deposit 10.9 10.3 6.02 
Co redeposit on anode as a 
basic compound 9 12.6 30 Pct of total Co 
dissolved from 
anode 
Co in basic compound from 
(Co+Ni-+Fe) present 25.6 24.4 30 
Pct nickel 58.8 68.6 62.7 
Pct Fe 15.6 Tai 3.6 
Composition electrolyte Ni 0.246 Ni 1.992 Ni 1.986 
at finish of test oe Kee. Co 0.00475 | Co 0.00815 
ittle 
Ratio pet Co to (Ni+Co) ; 
in electrolyte 0.24 pet 0.41 pet 
Average ratio during 
the test 0.12 pet 0.20 pet 
Ratio Co content of 
cathode deposit to Co 
content of electrolyte 85.— 30.— 
Pct Ni redeposit on anode 
as a basic compound 3.8 pct 6.9 pet Pct of total Ni 
dissolved from 
anode 


presence on the surface of the anode 
does not seem to effect the anode cur- 
rent efficiency or cause anodic polariza- 
tion. 


Ammonium Chloride Consumption 
During Electrolysis: The following 
figures give a fair picture of what may 
be expected by applying different 
cathodic current densities. (Table XI.) 
Operating on a technical scale with a 
cathodic current density of 5-6 amp 
per dm’ surface it is likely that from 1 
to 1% kg of NH.Cl will be consumed 
per kg of Co deposited. This does not 
mean that the ammonia in NH,Cl has 
been destroyed but only that the chlo- 
rine content thereof has been consumed 


Table IX. Production of Basic Chloride at High 
Current Density 


Roughly in 
Calculated round figures 
on the basis of | per unit of 
1000 mg Co cobalt depos- 
Amount deposit on ited at the 
cobalt the cathode cathode 
Deposit at anode ¢ 
Cobalt as basic chloride 307 mg Co 333 mg 1/3 
Dissolved cobalt from 
anode in total 892 mg Co 967 mg Shea 
Cobalt entered into hiss: : 
the electrolyte 585 mg Co 634 ‘mg 9° 2/3 
Pure cobalt deposited 
on the cathode 922 mg Co 1000 mg if 
Hence decrease of 
cobalt content of 
electrolyte 337 mg Co 365 mg 1/3 


taining 75 pct Co and 25 pct nickel. Electrolysis was 
at room temperature. 

Under these conditions 1/3 of the cobalt content 
of the anode will be reprecipitated at the anode as 
a basic chloride with enriched cobalt content, which 
product can be returned to the process in the form 
of an electrolyte with a high ratio of cobalt to 
nickel. (Table X). 


in the formation of cobalt and nickel 

compounds whereas NH, has been = set 
free thereby increasing the free ammonia content 
of the electrolyte. The experiments have plainly 
demonstrated that with increase of current density, 
or better with increase of cathodic current ef- 
ficiency, less NH,Cl will be consumed. 

All in all, the presence of NH,Cl in the electrolyte 
has proved to be desirable, and it is obvious that 
the amount consumed during electrolysis should be 
replaced. 


Energy Consumption: The electrolyte contained 
2 pet NH,Cl, 5.90 pct total NH,, 0.319 pct Ni, 1.538 
pet Co; pet Ni from (Ni + Co) at start 17.18 pct. 
(Table XII). 

Under plant conditions a certain amount of cobalt 
will be deposited in the lower cells as an alloy high 
in cobalt that must be returned to the process in 
the form of anodes. Since part of the cobalt will 
thus have to be deposited twice, we will have to 
count on a higher energy consumption of probably 
not less than 5-6 kwh per kg of pure cobalt ob- 
tained. 


Physical Condition of the Cobalt Deposit: Cobalt 
may be deposited from ammoniacal electrolytes in 
a smooth and mat condition even at such high cur- 
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rent densities as 8 amp per dm”. Nickel, on the 
other hand, gives bright, very hard and flaking de- 
posits even below 1 amp per dm?. This is probably 
due to the absorption of hydrogen by the nickel 
metal. Fortunately it is not necessary to recover 
_ nickel from the spent electrolyte by electrolysis, as 

the cobalt-free electrolyte must be distilled with 
lime to recover the NH, and nickel will be recov- 
ered simultaneously as hydroxide. 

Dark colored cobalt deposits are sometimes ob- 
tained from electrolytes of type a that do not con- 
tain NH,Cl, but by adding 1-2 pct NH,Cl the de- 
posits will become bright and light colored. The 
deposits adhere quite well to Pt cathodes at medium 
current densities. Above 8 amp per dm’ current 
density the deposits are likely to hold a small 
amount of nickel. They will become hard, indicat- 
ing internal tension of the metal, and are liable to 
crack. : 

The physical properties were investigated in the 
following manner: 

Platinum foil, 1/10 mm thick, bent into a half- 

cylinder was used as a rotating cathode. The cath- 
ode surface was 0.2 dm’ and the diameter of the half 
cylinder as measured between the opposite edges 
of the cathode was 20 mm at the start of each test. 
df there was any tension in the deposited metal, the 
half cylinder was deformed increasing the distance 
between the edges of the cathode. The amount of 
deformation gave rapid and reliable evidence of 
internal tension of the metal deposit. Hydrogen 
absorption by the metal is probably the cause of 
internal tension, hardness, and cracks at high cur- 
rent densities, since these were usually accompanied 
by pitting of the deposit. To diminish the tendency 
to hydrogen evolution at the cathode, 0.02 pct NO; 
as ammonium nitrate, was added to the electrolyte 
with successful results. The deposits became very 
smooth and mat, and no signs of cracks or internal 
tension were observed. The surface of the deposit, 
however, became tarnished. The same beneficial 
effect probably may also be obtained by passing 
air or oxygen through the catholyte, but it has not 
yet been investigated because of lack of proper 
equipment. The quality of the deposit is further im- 
proved because trivalent cobalt will oxidize hydro- 
gen that may be set free at the cathode. 
- The conditions for depositing nickel are quite dif- 
ferent. Nickel will remain in the bivalent state and 
‘hydrogen will be set free readily at the cathode even 
-at low current densities. The nickel deposits from 
ammoniacal electrolytes are always hard, brittle, 
and flaky as a result of hydrogen absorption by the 
metal. 


Table XII. Energy Consumption 


Cathodic 
current Cathodic | Anodic KWH Average 
Ampere density | Dynamic} current | current | consump- temperature 
hour con-| amp per | potential effhi- effi- tion per | of electro- 
sumed dm2 volts ciency ciency | kg of Co lyte, °C 
0.71 3.55 1.85 Hd 5 | enone) 6.08 25 
1.61 8.05 2.40 64.— 107.6 3.74 26 


The physical condition of the surface of the 
cathode may also have some influence upon the 
purity of the cobalt deposit, as may be illustrated 
by the following experiments. Mat and _ glossy 
platinum gauze cylinders in every other respect 
identical were used as rotating cathodes for these 
experiments, which were carried out under exactly 
the same conditions. The cylinders were rotated at 
135 rpm. The anode consisted of a cast short tube 
containing 25.88 pct Ni, 70.21 pct Co, and 3.91 pct 
Si. (Table XIII). 


Table XIII. Results 


Electrolyte 
Dynamic Cathode 
Character poten- deposit 
of Cathode Ratio | Pct NHs tial Pct Ni from 
surface Pct Ni] Pct Co | Ni:Co total volts (Ni+Co) 
Glossy gauze Pt} 0.196 1.144 1:5.8 TO 2.00 35.5 
Mat gauze Pt 0.2094 | 1.1766 | 1:5.6 Yes) 2.02 1 


This remarkable result no doubt is due to the 
difference in surface conditions of the cathode. Pos- 
sibly a mat surface causes better agitation of the 
liquid directly adjacent to the cathode, thus supply- 
ing more quickly the required Co ions. Although no 
exact figures can be given about the current density, 
probably it was high, which would have contributed 
to the great difference in the results observed. At 
any rate it was found essential to keep the current 
density well within proper limits, and to move the 
electrolyte along the cathode surface fast. Deposits 
obtained under such conditions are always smooth 
and mat, and the physical surface condition prob- 
ably favors the deposition of pure cobalt. 


Metals Adapted for Sheet Cathodes: It was found 
experimentally that cobalt adheres very well on a 
fresh smooth aluminum surface but the aluminum 
will be attacked more or less inside the open rotary 
cathode. 

Although this corrosion is not severe, it is suffi- 
cient to cause the formation of a rose-colored col- 


Table XI. Ammonium Chloride Consumption 


Liberated Chlorine 
ere Dissolved ease Co Chlorine Equivalent 
i d Chlorine issolve: ian g r 
Cahors Co de- Loss of aiculared present in Co + Ni dissolved withdrawn cosmep rion 
density posited at weight of | from cobalt | anodic bese fron Hoes anode: eoeS of we pee 
i i ounds, anode, @ ‘ of Cc 
Ae Rp the see aes in Ped nes ae ae _ Knott 
458 2.12 
799 260. AGES ies 502 604 
d 8.08 1030.7 1910 1241 216.6 t 1312 1579 554 0.537 


* This sample of 


basic chloride contained 18.6 pct Cl weight 612 mg. 


+ This sample of basic chloride contained 16.06 pet Cl weight 1282 mg. Ae 
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loidal floculent precipitate in the electrolyte, which 
proved to be aluminum hydrate having a rather 
high cobalt content. If aluminum is used as cathode, 
due precautions should be taken to cover the in- 
active part of the cathode surface with a protective 
coat. 

It was also found that cobalt adhered well on 18-8 
chromium nickel steel, and will probably do so on 
other stainless steels. Which metals will serve the 
purpose best is difficult to say, but even thin sheets 
of cobalt may be used if desirable. 


Electrolytes Containing Other Acid Radicals: 
Ammoniacal sulphate electrolytes that are free from 
Cl-ions will make the anode passive immediately. 
The dynamic potential will rise above 4 volt, oxygen 
will be evolved at the anode, and the alloy will be 
oxidized at its surface. By the addition of 1 pct 
NH,Cl to the sulphate electrolyte, for instance, pas- 
sivity will disappear at once, and the voltage will 
become normal. The anode current efficiency will 
rise to slightly above 100 pct under such conditions 
and the cathodic current efficiency may be raised 
somewhere near 60 pet under proper operation con- 
ditions. The selectivity for separation of cobalt 
from nickel is also very good. 

A disadvantage is that the solubility of complex 
sulphate compounds of Ni and Co is considerably 
less than that of complex chloride compounds. The 
concentration of Co and Ni in the electrolyte will 
have to be kept rather low to avoid crystallization 
of such compounds on the walls of the cells. 

Ammoniacal acetate electrolytes will not give 
anodic passivity, but their selectivity appears to be 
not so good as that of the previous electrolytes. This 
solvent is therefore not to be preferred. Formate 
and citrate ammoniacal electrolytes were also in- 
vestigated. Unfortunately formic acid cannot be 
considered as a solvent for basic nickel carbonate, 
and the plated metal from ammoniacal citrate 
electrolytes contains carbon. Probably a certain 
amount of carbides is deposited with the metal. 
Plated metals free of carbon were obtained from 
ammoniacal electrolytes obtained from acids con- 
taining only carboxyl (CO OH) groups such as 
formic acid, acetic acid and oxalic acid. 

Of all the ammoniacal electrolytes investigated, 
the ammoniacal chloride electrolytes are probably 
most adaptable and should be preferred for the ap- 
plication of this process. .The process may also 
prove feasible for the separation of nickel and cobalt 
from alloys containing Co-Ni-Fe and some silicon. 
Chloride solutions may be obtained by dissolving 
the granulated alloy in hydrochloric acid. A great 
deal of iron is of course, objectionable, since the 
ferric hydroxide precipitated by the addition of 
ammonia is bulky and makes filtration a problem. 


Procedure for Making Up the Electrolyte: The 
wet Oliver-filter cake of basic nickel carbonate 
greatly enriched with cobalt is treated with strong 
hydrochloric acid. By adding an excess of basic 
nickel carbonate to the hydrochloric acid, a neutral 
chloride solution will result and CO, may be re- 
covered and returned to the process. This reaction 
proceeds with the evolution of much heat. Assum- 
ing that the filter cake will hold 50 pct moisture 
and the temperature at the start of reaction of both 
ingredients will be about 30°C, the temperature of 


the solution may rise to 70°C. The neutral or only 
slightly acid chloride solution will contain roughly 
16 pet Cl and 13 pct nickel plus cobalt. A certain 
amount of free acid should be added to this neutral 
chloride solution so that the final electrolyte ob- 
tained will contain 1 to 2 pct NH.Cl. To each part 
of this solution should be added 2.5 parts of strong 
NH,OH of about 20 pct NH; content. The chloride 
solution should be added slowly to the well-stirred 
ammonia solution, to dissolve both metals com- 
pletely as complex compounds. The rather concen- 
trated solution should be diluted with water to 
seven times the original volume of the neutral 
chloride solution. The small precipitate of Fe(OH); 
and silica gel that will appear should be filtered off. 
The iron-free solution will contain about 2 pect com- 
bined nickel and cobalt, 3.5 pet Cl and about 7 pct 
NH;. No Co(NH;);Cl, nor NiCl..6NHs will crystallize 
out from the electrolyte if prepared in this way. 


Cobalt Enrichment of the Electrolyte Counter- 
currently in the Cells in Series: It is logical to 
dissolve the anodic cobalt-rich basic compounds and 
to move the high cobalt values upwards as fresh 
electrolyte in the upper part of the circuit. In so 
doing the electrolyte of the upper cells will be sup- 
plied with the highest Co values and it will be easy 
to produce pure cobalt in that part of the circuit. 

Systematically the circuit of the cells may be 
represented by the diagram, fig. 2. 

This diagram is given only as an example to 
elucidate the suggested application. The number of 
cells may vary and so may the details. If we assume 
that the incoming electrolyte will contain 2 pct 
(Ni+Co), of which 30 pct is cobalt, and that the 
electrolyte while passing through the three upper 
cells will dissolve an amount of cobalt from the 
anodes equivalent to the amount present in the in- 
coming electrolyte, then in total 12 g of cobalt 
would be available per liter electrolyte to be de- 
posited. Accepting that 2/3 will be deposited as 
pure cobalt, then the remainder should be stripped 
from the electrolyte in the lower part of the circuit. 
Assuming further that for each 8 g of cobalt de- 
posited, 12 g of solid NH,Cl have to be added to the 
electrolyte to meet the amount consumed, then it 
is obvious that the spent electrolyte will contain 
about 0.4 pct more total NH, than the incoming 
electrolyte. By adding NH.Cl as a solution there will 
be very little change in the NH, content of the 
electrolyte while passing through the cells. Such 
an open circuit gives a very flexible operation, for 
the amount of intermediary products may vary con- 
siderably without affecting the final outcome. 

A comprehensive picture of all the steps required 
may be found in the flow-sheet fig. 3, and after the 
previous discussion of the fundamental factors, fur- 
ther comment is superfluous, with one exception, 
viz, step 3. This step aims at a further concentra- 
tion of cobalt. Cobalt may be precipitated from the 
solution almost quantitatively as Co(OH). by the 
addition of lime, but in doing so much nickel will be 
precipitated simultaneously as hydroxide, and it is 
difficult to get the remaining neutral nickel chloride 
solution free from cobalt. A certain concentration 
of the cobalt in the precipitate may, however, be ob- 
tained in this way, but it is far less effective than 
the concentration obtained by the carbon dioxide 
saturation process discussed earlier. 


102—JOURNAL OF METALS, JAN. 1950, TRANSACTIONS AIME, VOL. 188 


In the case that the cobalt content of the basic 
nickel carbonate is on the low side, the logical pro- 
cedure would be to redissolve the basic nickel car- 
bonate in ammonium carbonate solution and to re- 
peat the separation of the cobalt from the nickel by 
the carbon dioxide saturation process. In case of 
emergency, (if stills fail out, and the distilling ca- 
pacity be inadequate) step 3 may prove to be useful. 
Normally the neutral chloride solution from step 2 
will be treated directly with ammonia. A sketch 
of a closed-type unit cell is given to illustrate 
the case. (Fig. 4.) Anolyte and catholyte are sepa- 
rated by a canvas diaphragm, and the catholyte is 
strongly circulated in a closed secondary circuit, an 
essential condition for producing cobalt free from 


nickel. It will be further noted that the anodes can 


\ 


— oe 4 
4 as 


be easily lifted out of the cell in order to remove 
adhering basic compounds, and the product that 
has settled at the bottom of the anode department 
can be transported out of the cell from time to time 
by a screw conveyor. 


The Precipitation of Cobalt from Ammoniacal 
Liquors: Cobalt may be precipitated from ammoni- 
acal solutions by agitating the liquors with freshly 
prepared nickel sulphide. 

-For an effective treatment an excess of. nickel 
sulphide should be added in order that the reaction: 
NiS ++ Co(NH,);** = Ni(NH,).* + CoS + NH, 
may proceed sufficiently fast. Next the mixed sul- 
phides may be separated from the liquor by filtra- 
tion. This product needs a further treatment to re- 
cover both metals separately. It is this more com- 
plicated treatment that will make this method less 
attractive than the simpler methods discussed above. 

By adding a controlled amount of hydrogen sul- 
phide to the ammoniacal cobalt containing liquor, 
cobalt may be precipitated almost completely, but 
quite some nickel will be precipitated simultane- 
ously in this way and there is no special gain in 
such a treatment. (Table XIV). 


Cobalt Ores: A class of ore occurring in New 


Method for Studying 


Caledonia may be represented, for instance, by the 
following analysis: 
NiO 1.25 pct, CoO 3.00 pct, Mn.O, 18.00 pct, 
Fe.O, 30.00 pct 
CaO 8.00 pct, Al.O; 5.00 pct, MgO 1.00 pct, 
SiO, 8.00 pct 
These ores, or ores of a similar type, are well 
adapted for the ammonia leaching process since 
very high extractions of these metals may be ex- 
pected. The pregnant solutions obtained are dark 
red because of their high cobalt content and for 
such solutions the author has devised a very effec- 
tive and simple process to recover pure cobalt. Ap- 


Table XIV. Results 


Values in Values after Values precipi- 
leach liquor HeS treatment tated by HeS 
Ni pet Co pct Ni pct Co pct Ni pet Co pct 
0.49 0.0088 0.4625 0.00009 515) almost 


complete 


plication for patent has been made in the Nether- 
lands and more information regarding this process 
will be given as soon as the patent has been 
granted. The process also can be applied advan- 
tageously to Co enriched precipitates as obtained 
by the processes discussed earlier. (See fig. 5.) 
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by Philip R. Sperry 


; Grain Boundary Migration in Aluminum 


METHOD was recently devised to indicate two 
‘or more successive stages of the migration of 
grain: boundaries in aluminum, and to record the 
direction of the migration. This technique was used 


for the study of the various types of boundary 
_ migration occurring in high purity aluminum.’ 


The method employs alternate annealing and 


j electrolytic etching treatments, repeated as many 


times as desired. All successive sets of grain boun- 
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dary positions revealed by the various etches ap- 
pear superimposed on each other. The last etch is 
designed to leave an oxide film on the surface 
which is optically anisotropic. The orientation of . 
the oxide film at each point is determined by the 
orientation of the underlying aluminum grain. 
When viewed with polarized light using crossed 
nicols and a Biot-Klein quartz plate, grains with 
differing orientations appear in different colors, as 
described by Hone and Pearson.” The last boundary 
positions are revealed by these color differences. 

The first step of the process is to obtain a desired 
starting grain size by annealing, for example, if high 
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purity aluminum is used, at 600°C for 5 min. If cold 
working is desired, it is best accomplished by roll- 
ing or compressing since these methods produce a 
surface which is flat and suitable for electrolytic 
polishing. 

The technique employed for electrolytic polishing 
and etching was that of Hone and Pearson, with 
slight modifications. The electrolyte composition, 
used with a Buehler-Waisman electrolytic polisher, 


was as follows: 
pet by volume 


O©rthophosphoric’acid’ (85 pct) =......2..... is} 

WDIstilledowatery sacra eee eee 26 

Diethylene glycol monoethyl] ether ........ 20 
(“Carbitol’’) 

Hy drotuoriczacidu(4é: pet) aie eee 1 


A high initial potential, approximately 80 v, was 
required to warm the specimen sufficiently during 
polishing. When polishing starts, the current in- 
stantaneously reaches a high value and then decays. 
As the specimen becomes warm the current in- 


creases again. When the current density reaches 60 
amp per sq dm, the voltage should be decreased to 
about 40 v. Caution must be exercised to prevent 
overheating but, if the current density is not high 
enough, an oxide film forms on the specimen sur- 
face and prevents further polishing. A large quan- 
tity of electrolyte and effective agitation of the bath 
are required. The polishing time is 2 to 3 min. 
Etching is accomplished with the same electro- 
lyte. With the specimen at room temperature and 
40 v applied, the ammeter registers < 0.1 amp. An 
etching time of 1.5 to 2 min was found sufficient for 
the purpose described in this paper. This etching 
procedure reveals the microstructure in three ways: 
(1) step-down effect at grain boundaries due to dif- 
ference in rate of attack of different grains depend- 
ing on orientation, (2) roughening of the surface of 
cold worked grains,’ and (3) the color effect shown 
in polarized light of the oxide film formed during 
etching. It was found that several alternate anneal- 


ing and etching treatments can be applied without 
substantially altering the first two effects produced 
by previous etches. The third effect, however, pro- 
duces very confusing results if the oxide film from 
a previous etch is not completely removed before 
the next etch is applied. The film can be removed 
by immersion of the specimen for 1 or 2 min at 
100°C into a solution of 35 ml of orthophosphoric 
acid (85 pct) and 20 g of chromium trioxide per 
liter of aqueous solution. 

Following the first etch and the oxide removal, an 
annealing treatment such as 400°C for 1 min is 
given to produce boundary migration. It is desirable 
to immerse the specimen in the oxide-removing 
solution before etching to remove the oxide film 
which may have formed during annealing. The 
specimen is then etched and examined microscopi- 
cally using crossed nicols and a Biot-Klein quartz 
plate. Further stages of boundary migration may be 
shown by repeating the process of oxide removal, 
anneal, and etch. Previous boundary positions will 
appear only as black lines while the boundaries 


Fig. 1—Two stages of strain in- 
duced boundary migration in high 
purity aluminum. 

The specimen was annealed at 600°C for 96 
min, reduced 7.5 pct by rolling (boundaries 
numbered 1), annealed 500°C for 5. sec 
{boundary numbered 2), and annealed 500°C 
for 20 sec (boundaries numbered 3). 75X. 


Crossed nicols and quartz plate. Reduced 
approximately one half in reproduction. 


formed during the last anneal are also marked by 
color differences, indicative of the orientation dif- 
ferences of the adjacent grains. 

An example illustrating the use of this technique 
is shown in fig. 1. The colors of the individual grains 
are reproduced as varying shades of gray. Two 
anneals were used after cold working; as a result, 
the original boundaries (1) moved to their final 
positions (3). 

This work was supported by the Office of Naval 
Research, U. S. Navy, Contract No: N6 ori-165, 
TO 
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Reflections on the 


Electrolytic Cells 


Used in the 


by Bruno B. A. Luzzatto 


Production of Aluminum 


___ The electrolytic furnace as used in extraction of aluminum from alumina. Start- 
ing with an analysis of the electrochemical and thermal aspects of the process, 
the necessity of striving for a reduction of heat losses, especially those through 


the upper surface, is emphasized. This can be achieved by the use of improved 
self-baking electrodes as a substitute not only for the multiple prebaked electrodes, 
but also for the conventional self-baking electrodes now in use. 


LUMINUM is today the most widely used of the 
nonferrous metals. The technical literature on 
the aluminum smelting process is, nevertheless, 
very meager, so that anyone interested in the sub- 
ject cannot rely on more than a couple of dozen 
-publications.’ The patent literature is equally scarce; 
most patents refer to the production of alumina from 
aluminum-bearing ores, while not more than a few 
- score significant patents deal with the electrolytic 
reduction of alumina, which is the real core of the 
aluminum smelting industry. 
The “reduction phase” is, from a technical and 
a scientific point of view, much more interesting 
- than the “alumina phase’”’, which, in effect, is only 
a combination of such well-known chemical opera- 
tions as dissolving, precipitating, filtering, drying, 
and calcining. The electrolytic reduction of alum- 
ina, on the other hand, has features which do not 
appear in any other metal smelting operation. Some 
_ of them are of great technical and scientific interest 
_ even for those not directly engaged in the produc- 
tion of aluminum. 


_ BRUNO B. A. LUZZATTO is a Consulting Engineer 

_ at Washington, D. C. 

San Francisco Meeting, Feb. 1949. 

TP 2650 D. Discussion (2 copies) may be sent to 
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The purpose of this paper is to describe in some 
detail the basic facts and developments of the re- 
duction phase of aluminum smelting. 


Two Aspects of the Electrolytic Process 


The raw material for the reduction process is 
alumina (AI1,O;). Its purity in general runs as high 
as 99.50 pct or more. Small differences in the chem- 
ical composition generally do not affect: the reduction 
process.* Of more importance are the physical prop- 


* However, an unusually high phosphorus content endangers the elec- 
trolysis; a high potassium content (as in the alumina obtained from 
leucite and alunite) may also cause difficulties, such as damage to the 
carbon lining. 
erties of the alumina, since they affect not only 
its rate of solution in the molten bath but also its 


heat insulating power.{ In the following pages, un- 


+ The importance of the physical structure becomes evident when 
alumina obtained by an electric fusion process, such as ‘“‘Haglund Alum- 
ina’, is used. 


less otherwise stated, it is assumed that a standard 
“Bayer” alumina is used. 
_ The reduction process, by which alumina is 
broken down into its components, may be roughly 
defined as its electrolysis in molten cryolite. The 
oxygen separates at the anode, and the aluminum 
at the cathode, which forms the bottom of the elec- 
trolytic cell. 

The electrolytic cell (or pot) where the process is 
carried out is a strongly reinforced steel box. The 
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inside lining of baked carbon blocks is connected 
by steel bars with the negative pole of a source of 
de current and acts as the cathode. One or more 
carbon blocks, prebaked or self-baking, suspended 
over the cathode and connected to the positive pole 
of the same source of dc, act as the anodes. Many 
cells are connected in series to a generator. The 
overall arrangement of the various parts of the con- 
ventional modern cell does not differ substantially 
from the one adopted by its inventors Hall (U.S.A., 
1889) and Heroult (France, 1889), as may be seen 
by the few sketches and pictures showing respec- 
tively a cell installed by Heroult at La Praz, France, 
in 1893 (fig. 1), a standard cell still being used in 
most French plants in 1947 (fig. 2), and a German 
cell used since 1926 (fig. 3).* However, behind the 


* (PB70030). 


apparent simplicity of structure there are many 
problems, as we shall see in the following pages. 


Electrochemical Aspects 


Fundamental Reaction: The theory of the electrol- 
ysis has not yet been fully developed. The simplest 
reaction, still currently used as a basis for technical 
and practical considerations assumes that the alum- 
ina, dissolved in an amount of less than 10 pct in 
molten cryolite [3(NaF)AIF,], kept at a tempera- 
ture of around 950° C, is decomposed by the elec- 
tric current as follows: 


2A1,0; 60+ 4A4,l 
I 60 4 .3°0 = 3 CO, 
i 604 6C=6 CO 


The occurrence of reactions I and II between the 
oxygen, which is the primary product of the elec- 
trolysis, and the carbon composing the anodes, 
depends upon the prevailing temperature and other 
factors. Practical experiments have shown that CO, 
seldom represents less than 70 pct of the gases that 
develop during the electrolysis. (See below.) 

The above reaction admittedly gives an oversim- 
plified picture of what happens in the cell, and vari- 
ous hypotheses have been proposed as to the real 
nature of the electrolytic reactions. 


A widely accepted theory, backed by conductiv- 
ity measurements and theoretical considerations, 
assumes that alumina is the solvent and sodium 
fluoride, one of the components of cryolite, is the 
substance undergoing electrolytic decomposition 
according to the following reactions: 


12 Na F 
12 Na + 4 Al F, 
12 F + 2 ALO, 


The net result is still: 
2 Al.O, 4Al + 60 


The cryolite is either a passive solvent, or else it is 
continually being decomposed and reformed; in 
either case, no cryolite is directly consumed in the 
process. Some losses do occur—roughly 5 pct of 
the weight of the aluminum produced—due to 
thermal decomposition, volatilization, or mechan- 
ical losses. There is, however, a theory which 
ascribes the cryolite losses to its decomposition ac- 
cording to the second reaction shown above. 

A new attractive theory has recently been sug- 


1 
12 NaF + 4 Al 
6 O 


lI Il 
caf 
HB 
-- 


gested by R. Gadeau.* This theory states that 
the primary electrolysis is that of Na.O, which is 
always present in small amounts in the molten bath. 
The reaction would be as follows: 


6 Na,O 12° Na =e650 
12Na +4 Al F,== 12 NaF4+ 4 Al 
6: Oke BOP =O. 


12 *Nazk 4225 2-ALO;— 4 aie Baie Na.O 
Feed 


The primary product of the electrolysis is Na, of 
which the largest portion (80-90 pct) reacts with 
Al F, as shown above. A small part vaporizes, rises 
through the molten bath, and meets CO, at the 
anodes, with which it reacts as follows: 


2<Na + ‘CO, = Nalco 


Only a small amount of gas develops from this re- 
action, causing yellow flames (visible only in hot 
pots). This theory will be mentioned again later 
when we discuss the current efficiency of the pro- 
cess. 

Voltage Relationships: The basic equation for 
the electrolytic process is: 


V 22 FER 


where E = decomposition voltage, I = current and 
R = cell resistance. 


The decomposition voltage* may be calculated theo- 


* Actually, in the following remarks, the decomposition voltage also 
includes (somewhat improperly) the polarization voltage. (Standard 
Handbook for Elec. Eng. (1941), pp. 1918 ff.) 


retically on the basis of assumptions as to tempera- 
ture, concentration, heat of formation of alumina, 
etc. Depending on the assumptions made as to the 
anodic depolarization and other circumstances, the 
theoretical decomposition voltage ranges between 
0.97 and 1.28 V.’ 

More interesting for practical and technical pur- 
poses is the decomposition voltage as determined 
in operating pots by a method suggested by Edwards 
and Frary. This method consists of rapidly chang- 
and I and reading the corresponding values of V, on 
the assumption that these rapid changes do not affect 
R. The various values of V and I allow an easy cal- 
culation of E. Edwards and Frary’s value, E = 
1.70 volts, has been repeatedly confirmed by the 
writer in 12,500 amp and 25,000 amp multiple anode 
cells.* 


* Data obtained in 1937 on 91 cells: V = 1.69; on 85 cells, V = 1.65; 
on 90 cells, V = 1.78; average: 1.70 volts. 


More recent experiments made in German fac- 
tories give a value of E—1.60 + 0.02 volts as the 
result of a long series of determinations.* This value 
is reported to be independent of current efficiency 
and temperature. 

The difference between this value of 1.60 + 0.02 
volts and the theoretical decomposition voltage at 
950°C, (1.15 volts) is explained, in part, as follows: 

1. Incomplete depolarization, i.e, reduced elec- 

trochemical effect of the reaction 6 O + 3C 
= 3 CO.,, which accounts for 0.18 volt. 


a. Incomplete saturation of the solution of AI.O, 
in cryolite, which accounts for 0.02 volt. 


This leaves a gap of 0.25 volt due to reversible pro- 


106—JOURNAL OF METALS, JAN. 1950, TRANSACTIONS AIME, VOL. 188 


cesses at the anode and cathode not clearly under- 
stood.7 


t Other experiments with large self-baking electrodes have shown de- 
composition voltages of 1.5 to 1.55 volts. 


A recent paper (Ferrand)’ reports various experi- 
ments during which the decomposition voltage was 
found to be only 1.27. The same author, by extra- 
polating the voltages corresponding to various cur- 
rents, arrives at a voltage of 1.75—in striking agree- 
ment with the previously reported experiments. 
Accordingly, Ferrand concludes that the decomposi- 
tion voltage to be used in industrial calculations is 
around 1.75. 

Knowledge of the practical decomposition volt- 
age is very important because it affects the inter- 
pretation of the heat balance of the aluminum cell, 
and the proportioning of its various parts at the 
planning stage.* 


*Tt is known that experiments in this field are under way to reduce 
the decomposition voltage by more efficient use of the anodic depolariza- 
tion. 


Faraday’s Law and Current Efficiency: The elec- 
trolysis of molten substances differs considerably 
from the electrolysis of aqueous solutions.* The in- 
tricacies of this type of electrolysis appear clearly 
when one considers how Faraday’s law applies to it. 
According to this law, each ampere-hour should 
separate 0.336 g of aluminum at the cathode; actu- 
ally, only about 80 to 85 pct of the theoretical 
amount is ever obtained. Many aqueous electrolyses 
reach a current efficiency of close to 100 pct. 

The reason for this low efficiency is the very 
nature of this electrolysis, and particularly the fact 
that the aluminum which accumulates at the bot- 
tom of the cell has a density only slightly higher 
than the density of the molten bath and a tempera- 
ture some 300° C, above its melting point. 

The theory of the electrolysis of molten sub- 
stances shows that losses of the cathodic product 
which account for the low current efficiency of the 
process may be due to one or more of the following 
causes:* (1) Mechanical loss on account of imper- 

fect separation of the metal from the bath. This 

cause affects laboratory experiments rather than 
industrial operations. (2) Losses caused by com- 
‘bination with the cathode (same remark as above). 
(3) Losses by vaporization (may apply to sodium 
but not to aluminum. The Gadeau theory how- 
ever considers this the most important cause of the 
low current efficiency). (4) Losses by the forma- 
tion of salts of higher valence at the anode and 
their reduction at the cathode. (Apparently not 
relevant for the aluminum electrolysis). (5) Loss 
by the cathodic production ofa salt of lower valence 
which diffuses to the anode and is reoxidized. (Same 
‘remark as (4) though with less certainty). (6) 
Loss by the formation of metal fog. (7) Recombi- 
“nation of the anodic and cathodic products, which 
are brought together by stirring and diffusion. This 
may be due to a metal fog or toa solution of the 
metal in the bath. 

According to the prevailing views, (6) and (7) 
affect the aluminum electrolysis to the greatest 
extent, while the other causes may contribute to a 
‘lesser degree. Theory and practice agree that: 


temperature of the metal and the bath; and the 
efficiency is correspondingly lower. The highest 
efficiency is favored by the lowest possible tem- 
perature of the molten bath consistent with other 
requirements, such as the solubility of alumina in 
it and general workability of the cell. Experience 
shows that even a slight increase of the tempera- 
ture above the maximum causes an abrupt decline 
of current efficiency, so much so that a good pot- 
room superintendent must be able to judge the 
temperature of the bath in the cells by noting the 
color, fluidity, etc., in order to intervene whenever 
the temperature is out of line. Extensive measure- 
ments made in this field in Italian and German 
plants since 1939" have shown that the tempera- 
ture varies between 922 and 990° C, the latter being 
already too high for a good power consumption. 
The temperature increases by some 25° from the 
time when alumina is stirred into the molten bath 
until the next anode effect takes place; this is 
detrimental to the current efficiency. The shape 
of the temperature curve gives a good hint of how 
the cell is operating and of its characteristics. 


2. The rate of reoxidation of the cathodic metal 
fog (or compounds, or whatever it is) is, generally 
speaking, inversely proportional to the anode- 
cathode distance, i.e., that between the carbon anode 
and the molten aluminum. For small cells and low 
amperages (12,000-13,000 amp) using a high cur- 
rent density, this distance may be as small as 3 cm; © 
but with larger anodes the distance is usually 5 cm 
or more. Self-baking electrodes of large dimen- 
sions require, as we shall see later, an anode-cathode 
distance of 6 to 7 cm. This distance is one of the 
parameters of any calculations of a new cell, and 
a correct balance must be sought between it and 
the current density, the type of electrodes, etc. 
When many electrodes operate in a single cell, as 
is usually the case when pre-baked electrodes are 
used, keeping them at an even distance from the 
cathode is one of the principal operational prob- 
lems. 


3. The reoxidation is further speeded up by move- 
ments which develop in the bath either as a result 
of electrodynamic phenomena or from local over- 
heating or cooling due to uneven current distribu- 
tion or to local dumping of alumina into the bath. 
An energetic agitation of the bath may, neverthe- 
less, be required to dissolve the alumina if it is in- 
troduced by breaking the bath-crust manually or 
mechanically. 

If Na is the primary product” of the electrolysis, 
a very simple explanation of the low current effi- 
ciency is possible. The primary electrolysis of Na,O 
has an efficiency of close to 100 pct, but when 
Na appears in the molten bath, its temperature is 
much above its boiling point. Some of it cannot 
react with Al F;, and it reaches the anodic zone, 
where it reacts with the CO.. With lower current 
density, the concentration of Na decreases, the re- 
action between Na and Al F; can take place more 
fully, and the current efficiency increases. This 
theory does not seem to contradict the preceding 
one, since sodium and aluminum fogs probably co- 
exist in the bath. 

“Whatever causes a reduced current efficiency also 


; 1. The formation and reoxidation of cathodic metal 


“fogs of aluminum’ are more active the higher the causes local or general overheating of the bath, 
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which in turn unfavorably affects the current effi- 
ciency. Although the conductivity of the bath in- 
creases with the temperature thereby counteract- 
ing the effect of the reduced current efficiency, 
there seems to be no automatic equilibrium for a 
furnace which is out of order,* this constitutes one 


* The current efficiency is also reduced by direct conduction, i.e., by 
portions of the total current which do not actually go through the 
molten bath but are carried by chains of carbon particles. This partial 
short circuit of the cell occurs either between the electrodes and the 
metal or between the electrodes and the sides of the cell. High carbon 
dust content in the molten bath is detrimental to the operation. 


of the difficult problems in the pot-room’s opera- 
tions. 


Anode Effect: The average voltage of a cell oper- 
ating under normal conditions is about 4 to 6 volts. 
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Fig. 1—Cell by Heroult. 1892. La Praz, France. Source: 
Ferrand, Soc. des Ingenieurs civils. Jan.-Feb. 1935. 


At regular intervals it increases suddenly to 50 or 
60 volts, i.e., ten times the normal value. This oc- 
currence is called the “anode effect” and occurs in 
the electrolysis of many molten salts. A complete 
and satisfactory theory of this phenomenon has not 
yet been developed, but the following simplified 
explanation is satisfactory from all practical pur- 
poses. The voltage increase is due to the formation 
of a very thin layer of anodic gas which surrounds 
the anodes when the alumina concentration in the 
bath has sunk below a certain value, so that the 
molten bath does not “‘wet” the anodes. The electric 
current passes from the anode to the bath by means 
of innumerable small electric arcs, which cause 
the continuous and characteristic scintillation which 
is noticed at its surfaces; this requires some 30 to 
40 volts. Marked local overheating of the bath 
is the result of this phenomenon, which also causes 
volatilization or decomposition of cryolite. Since it 
occurs when the alumina content in the bath is 
low, the phenomenon is used to indicate that a new 
charge of alumina should be added to the bath. 
When the anode effect occurs, an electric lamp 
connected in parallel with the cell lights up and 
calls the attention of the furnace attendant. Fresh 
alumina is stirred into the molten bath, the phe- 
nomenon disappears, the voltage returns to normal, 


and a new cycle begins. The occurrence of the 
anode effect at regular intervals is a sign of proper 
behavior of the cells, but efforts are constantly made, 
to make these intervals as long as possible or even 
to suppress the anode effect. At present, the length 
of the intervals is from 6 to 8 hr. The alumina con- 
tent of the bath falls from a maximum of 6 to 7 pct 
(rarely 10 pet) to a minimum of about 1.5 pct.’ 


Electrolytic Gases: The combination of the anodic 
oxygen with the carbon anodes results in the pro- 
duction of a certain amount of carbon dioxide (CO.) 
and carbon monoxide (CO). There is no more 
agreement on which is the primary gaseous product 
of the electrolysis than there is on the electrolytic 
reaction itself. The writer, in extensive industrial 
experiments (1933), found that generally there is 
about 70 pct CO. in the gases developed by an elec- 
trolytic cell in normal operation. The experiments 
were made with 12,500 amp cells with 10 prebaked 
anodes. During the anode effect, the percentage of 
CO increases considerably, and the proportion is 
actually reversed. The question of the equilibrium 
between CO, CO., and C is a complicated one, since 
not only the temperature but also the concentra- 
tion of the primary gas (CO.) under the anode, and 
the impregnation of the anode with molten cryo- 
lite play important roles. Cadariu’ has recently 
shown that the concentration of CO, declines from 
42 pct to 14 pct if the cell current is reduced from 
55,800 to 13,800 amp. This is explained by the fact 
that CO, has more time to react with C, and tem- 
perature becomes the determining factor affecting 
the composition of the electrolytic gases. A simi- 
lar remark was made previously by Drossbach 
(Ztsch. f. Elektrochemie (1936)). 

If the gases are withdrawn by aspiration, as 
shown by Grinert’,” so that the time of contact 
with the carbon is reduced, the CO, content may 
be as high as 94 pct. According to Gadeau, there is 
no doubt that CO, is the primary product; the pres- 
ence of CO is due to reaction between CO, and the 


Fig. 2—Standard cell used in French plants since 1930. 
Source: Personal files. 


metal fog (especially Na) and to a lesser extent to 
the reaction between CO, and the carbon anode. 
Gas analyses made at the plant of the AFC (Alais, 
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Froges et Camargue) show the following composi- 
tion: 


Pct Pct 
Prebaked multiple anodes: 68 COs 32 CO 
SOderberg anodes: 45 COz2 551 CO 


The Soderberg anodes operate with a lower cur- 
rent density, are more reactive, and the temperature 
is generally higher. 

The fiuorine content of the gases is due mostly 
to the volatilization of cryolite at the high tempera- 
ture and to its decomposition during the anode 
effect. The decomposition of the cryolite may be 
due, in part, also to the moisture which is contained 
either in the cryolite itself or in the alumina which 
sometimes is not fully dehydrated and to the mois- 
ture in the air. It is believed that these causes have 
a minor importance compared to the other causes 
of decomposition of the molten bath. 

If self-baking electrodes are used, the gases con- 
tain sizeable amounts of tar compounds and soot, 
resulting from the distillation and cracking of the 
coal tar pitch which is the binder of the carbon 
mixture of which the electrodes are made. 


Thermal Aspect 


Energy Balance: From the technical point of 
view, thermal considerations have the greatest im- 
portance because they determine the size, the design 
and the operational conditions of the cell. The 
wellknown basic voltage equation, V = E + I R, is 
converted into a power equation: 

W=VI=IE+YR 
in which: 
W is the power required by the cell to operate. 
I E is the portion of the total power required for 
the electrolysis itself, i.e., for the decomposition 
of the alumina. (See above.) 


TP R is the power transformed into heat in the vari- 
our parts of the cell. It corresponds to: 

Sr, I’, where r, are the various resistances in the 
cell. 


_ Only I E corresponds to useful work, while the rest 
is loss. In fact, if it were possible to eliminate all 
‘resistances, it would be possible to produce alum- 
-inum by applying to the cell the voltage E which 
would cause the current I to pass through. 


The power efficiency* of an aluminum cell, i.e., the 


* Power efficiency and energy efficiency are synonymous since the time 
z factor is eliminated when percentages are used. 


percentage of the applied power used for the actual 
electrolysis, is therefore measured by the equation: 
JIE 

TE + PR 
This has not changed very much during the past 
twenty years. In 1926, a 12,500 amp cell operated 
“with a voltage of 6.50. Assuming that E — 1.70, 
only about 26 pct of the total power absorbed by 
the cell was doing useful work.“ Many cells of this 
type are still in operation.t 


xX 100 = — x 100 


+ The 12,500 amp cells, to which many of the experiments given in 
the text relers are very similar to that shown in fig. 3. See also fig. 


In some of the recent cells voltages of 5.5 or less 


have been obtained.* The energy efficiency would 
thus reach 35 pct, but it is still very low compared 
with that of the arc furnaces used in electrothermic 
processes (carbide, etc.), which is about 60 to 70 pct. 

Where the Heat Develops: In a cell operating at 
constant temperature, all the heat generated is dis- 
sipated, but the generation and dissipation do not 
necessarily occur in the same part of the cell. The 
cell is, from the electric* point of view, a series of 


* The many discrepancies among voltage data are due also to the fact 
that in some cases the voltage of the individual cell is given, disregard- 
ing the increases due to the anode effects. The important factor is the 
average voltage of all cells of a given type, including all the increases 
due to the anode effect. 
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Fig. 3—Cross_ sec- 
tion and details of 
installation of a 
30,000 amp multiple 


prebaked anodes 
cell. German de- 
sign, Lautawerk, 
Germany, 1939. 
Source: German 
documents PB == 
70030, Frame 6676. =) 


resistors, each one having a resistance 7,; for each, 
the voltage drop v, caused by current I is Ir,. For 
the sake of simplicity, the following example in- 
stead of showing r, shows v,, which simplifies the 
later discussion.* 

Voltage measurements were made by the writer 
in 1931 on a typical 12,500 amp cell similar to that 
shown on fig. 6 (but without covers). Table I gives 
results. 


Table I. Voltage Drops, Energy Absorption, and Heat 
Generation in a 12,500 Amp Aluminum Cell 


KW 
(Energy 

Volts Absorption) 
Vv TOTAL 6.50 81.00 
1.70 21.22 

Va Overvoltage due to anode effect, 

daily average 0.30 3.75 
Vp Carbon lining 0.50 6.25 
Ve Conductors, connections, external 0.50 6.25 
Va Anodes 0.30 3.75 
Ve Molten bath 3.20 39.78 
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The heat generated per hour corresponds to 59.78 
kwh, i.e., 81.00 less 21.22. 

Of the above “losses”, V-, which occurs outside of 
the cell, is controlled by the usual economic con- 
siderations, relating the cost of the installation to 
the cost per kwh, taking into account structural 
circumstances, etc. The remaining “losses” will be 
analyzed later. The above measurements refer to 
an outmoded cell, but they are typical of most 
open cells with prebaked electrodes. 


Where Heat Is Dissipated: Measurements of volt- 
age drops are relatively easy to take. Much more 
difficult is the determination of how and where the 
heat thus generated is dissipated. 

The writer has made an extensive series of tem- 
perature measurements on several operating cells 
of the type mentioned above (fig. 6), from which 
the heat dissipated from the various parts of the 
cell has been calculated. (Table II). 
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Fig. 4—Bottom lining and insulation of a 30,000 amp 
German cell, 1938, Toging, Germany. Source: German 
documents PB 70030. 


These measurements and calculations cannot be 
very precise and are characteristic only of a given 
type of cell, a given type of alumina, and a given 
method of operation. However, the order of mag- 
nitude of the dissipation from the various parts of 


Table II. Heat Dissipation in an Aluminum Cell 
(12,500 amp) 


KWH Pet 

External connections 6.24 10.50 
Walls and bottom of cell 16.00 26.70 
Metal tapped (heat content) 1.00 1.68 
Gas developed (COz, CO) 1.75 2.92 
Upper surface 27.29 45.70 
Operations and misc. 7.50 12.50 

TOTAL 59.78 100.00 


a cell does not differ very much from one open cell 
to another. In fact the dissipation through the up- 
per surface and that due to normal operation for 
this particular case, account for 58.20 pct of the 
total; Ferrand (op. cit.”), who experimented with 
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57; ORE RAS OA RN Oia OS RSX 


a different type of cell, reports a loss of 61.5 pct. 
Furthermore, Drossbach (op. cit.) indicates 38 pct 
as his appraisal of the dissipation through the up- 
per surface excluding operational losses, while our 
measurements indicate 45.8 pct. 

Reduction of Heat Generation: The breakdown 
of the total heat generated in a cell (table I) shows 
that roughly 2/3 of that heat is generated in the 
bath. This heat generation, and the voltage drop 
to which it corresponds and by which it can be 
measured, may be expressed by V,—IR., where R, 
is the resistance of the electrolyte. If we indicate 


Lene 
the current density by d Sa i.e., the number of 


amperes per cm’ that flow through an ideal cross 
section a (the average between the anodic and 
cathodic surfaces), the above expression may be 
written as follows: 


V.= IR, =£ 1 = pl, 


in which p is the specific resistivity of the molten 
bath and 1 the anode-cathode distance. 
Theoretically, all of the above factors are vari- 
able, but practically, p must be considered constant, 
since temperature, (which to a considerable extent 
determines the resistivity* ) cannot be increased for 


*TIt is theoretically possible to consider a molten bath of lower resis- 
tivity, since even a reduction of the alumina content from, say, 15 to 
5 pct would reduce the resistivity by 10 pct. But this field has not been 
fully explored so far. (Arndt-Kalass. Ztsch. f. Blectrochemie). 


the purpose of reducing p. 

The anode-cathode distance | may be increased, 
but generally not decreased, so that a reduction of 
V generally cannot be achieved by changing it. The 
cells on which the measurements were made gen- 
erally had 1 — 3.5 cm, very exactly controlled, and 
a reduction below this limit is not convenient for 
reasons explained above (see p. 107). 

We are thus left with one factor, d, which can 
be subjected to relatively considerable variation. 
The current density d thus becomes the basic char- 
acteristic of every cell and a reduction of current 
density is the means used for reducing the heat 
generated in a cell.+ 


7 In general, reference is made to anode density, which differs from 
d, which is average density. The ratio anode density/average density 
is assumed to be a constant. It corresponds to the coverage factor, 
i.e., the factor which indicates what proportion of the bath surface 
is occupied by the electrodes. It differs for the two types of electrodes, 
the multiple prebaked and the self-baking. The latter, naturally, have a 
better coverage factor. 


Table III gives the anodic current density of vari- 
ous cells. 


Table Il. Anodic Current Density of Cells with Pre- 
baked Electrodes* 


Anodes 

Density 
amp 

Type Year No. Size, cm Amp | per cm? 
Heroult (France) 1890 1 25 x 25 4,000 6.40 
Hall (U.S.A.) 1890 32 46 cm? 6,000 | 4.05 
La Praz (France) 1893 6 22 x 25 5,000 1.50 
Argentiere (France) 1925 12 43 x 43 20,000 0.90 
Lautawerk (Germany) 1925 10 32 x 25 (?) 12,500 155 
Mori (Italy) 1928 16 40 x 28 25,000 | 1.40 
Argentiere (France) 1934 20 35 x 65 45,000 | 1.00 
Lautawerk (Germany) 1939 36 25 x 32 30,000.} 1.05 


* Ferrand, op. cit.; PB 70020; PB 60889. 


ee eee 


110—JOURNAL OF METALS, JAN. 1950, TRANSACTIONS AIME, VOL. 188 


There has been a noticeable tendency toward 
lower current densities, but with prebaked elec- 
trodes, it does not seem advisable to go much below 
1 amp per cm’. There is also an ultimate limit in 
this reduction in open cells, since the heat losses 
are proportional to the size of the cell and especi- 
ally, as we have seen, to its upper surface. This 
is especially true for cells using prebaked electrodes. 

The other voltage drops, adding up to 1/3 of the 
total, are less important but some of them are sig- 
nificant. A great deal of work has been done and 
is being done to reduce the voltage drop in the bot- 
tom.” Again and again metallic cathodes have been 
tried and rejected, so that currently prebaked 
pressed carbon blocks are generally used. This 
voltage loss in the bottom cannot be reduced much 
below a minimum of, say 0.25 or 0.30 in cells hav- 
ing a low cathodic current density and a carefully 
constructed carbon lining. As for the external volt- 
age drop in the conductors and in the anodes, it is 
sufficient to state that all of the contacts between 
carbon and metal conductors are a perennial prob- 
lem in the production of aluminum.” 

The overvoltage and the corresponding genera- 
tion of heat resulting from the anodic effect have 
attracted much attention since the earliest days of 
aluminum production, due to the necessity of break- 
ing the bath crust, stirring the bath, etc., all of 
which also cause increased heat losses. Several 
aluminum plants have experimented and are ex- 
perimenting on the suppression of the anodic effect, 
and it is likely that a rational solution to this prob- 
lem will eventually be found. The mechanical 
“picking” of the aluminum cells, now used in some 
plants, seems to be a transitory device. 


Reduction of Heat Dissipation: A reduction of 
the heat losses through the walls and the bottom is 
easily achieved by adding successive layers of heat 
insulating bricks around and under the carbon lin- 
imge:* 


* The efficiency of such insulating layers decreases as the thickness in- 
creases since each successive layer increases the outer surface, but the 
limit has not yet been reached in most cases. 


However, a serious problem arises when it comes 
to insulating the sidewalls: preventing the destruc- 


may be shortened. Practical applications of these 
concepts are exemplified in fig. 3 and 4.% 

Fig. 3 is a vertical cross section of a 30,000 amp 
multiple. prebaked electrode cell used at Lauta- 
werk, Germany, in 1934. Similar types with a dif- 
ferent electrode’ arrangement had been installed 
there in 1927.* Cells for 25,000, 30,000, and 40,000 


* The Mori 12,500 amp cell, to which the experiments in tables I and 
II refer, is a smaller version of the same cell and was built on the basis 
of the original Lautawerk drawings (1927). 


amp have also been built based on this design. 
These cells have no heat insulation along the walls 
and little at the bottom; furthermore, they are in- 
stalled above the ground floor, so that the heat 
losses are increased through ventilation.} Fig. 4 is 


t The purpose of this type of installation is to allow a speedy change 
of the bottom when the lining is worn out or damaged. 


a German version (Toging, Germany, 1938) of a 
type which has found more general acceptance in 
aluminum plants all over the world. It is provided 
with substantial heat insulation along the walls 
and is abundantly insulated at the bottom. It is in- 
stalled in the ground, so that heat losses through 
ventilation are minimized. The French cell shown 
in fig. 2 and the American cell shown in fig. 5 are 
other examples of this type of construction. By in- 
sulating the walls and the bottom of the electrolytic 
cells, the proportion of heat lost through them 
(which was about 25 pct in the small scarcely in- 
sulated 12,500 amp cell tested at Mori) may be re- ~ 
duced to about 15-18 pct. This is a reduction of 1/3 
of the total included under this heading, but only 
about 8-10 pct of the total heat losses. 


Reduction of Dissipation Through the Upper Sur- 
face. Experiments With Closed Cells. The losses 
through the upper surface, which account for about 
50 pct of the total losses in the conventional open 
cell, are obviously the key to the problem of re- 
ducing the energy consumption of the aluminum 
cell. This fact, while not overlooked during the 
early phase of the development of the aluminum 
industry, was not given its due importance, and 
the insulation of the upper surface was and still is 
left to the alumina blanket which is spread-over the 
frozen bath crust. This heat-insulating function of 


tion of the carbon lining by the molten bath. For 
this reason it is preferable not to exceed, at the 

inner surface of the carbon lining, a temperature 
~some 10° lower than the temperature of the molten 

-bath, so that a thin coat of frozen bath protects 
the lining from attack. It is also advisable, in order 

to avoid short circuits, to maintain a sufficient dis- 

tance between the anodes and the walls. Then the 
appropriate insulation can be provided on the out- 
side.* 

~The 12,500 amp cell, to which the data of tables 
I and II refer, and most German furnaces built be- 

-fore 1939 (fig. 3) were not insulated along the walls, 
but the trend in medium cells (fig. 4) has been 
toward more insulation of outer walls. 

It is mechanically very easy to insulate the bot- 
toms, and since the early days of the aluminum 
industry most bottoms have been insulated.. But 

there is always a certain danger in overinsulating, 
since the metal becomes hotter, thus unfavorably 
affecting the current efficiency. Leakages of metal 
are likely to occur and the life of the carbon lining 


the alumina blanket is a predominant factor in the 
heat balance of the conventional aluminum cell 
with multiple prebaked electrodes.} 


£ Accordingly, if instead of an alumina which is dry, light, and fluffy, 
as is the standard Bayer alumina, an alumina quality with higher bulk 
density, with coarser grains, is used, such as Haglund alumina, the re- 
sulting changes in the behavior of the cell may be dramatic. Several 
years ago (1932-3), the writer was witness and actor in a large-scale ex- 
periment which consisted of changing from Bayer-type to Haglund-type 
alumina in several pot-lines in an Italian plant. The desperate effort to 
maintain the same voltage and the same general operating conditions in 
spite of the physical differences between the two aluminas resulted in a 
disrupted electrolytic process due to cold acid bath, incrustation of the 
bottoms, etc. Other causes, such as the lower solubility of the alumina, 
were also a factor, but the main reason for the troubles was the disrup- 
tion of the heat balance due to increased heat loss through the upper 
surface. 


The heat losses are particularly high when the 
alumina is stirred into the bath after the anode 
effect. In most plants this is still a manual opera- 
tion, and too often heat losses occurring during 
these operations, repeated up to six times a day, 
are not taken into account when the overall re- 
sults of a cell are evaluated. 

The protection against heat losses afforded by the 
alumina blanket is reduced by the thermal short 
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: 


circuit caused by the electrode (anode) heads pro~ 
jecting above the alumina blanket (fig. 2—5). Cov- 
ering the anode heads with alumina probably results 
in a reduction of the heat loss, but it increases their 
temperature and, accordingly, their burning loss.* 


* German experiments (see PB 70021) carried out as recently as June, 
1943, shortly before the collapse of Germany, brought production to a 
virtual standstill and confirm this point on a large scale. 


To counteract the oxidation, anodes are now often 


Fig. 5——-Upper view of a multiple prebaked anodes 
cell in a U. S. plant. Source: Courtesy of the Alu- 
minum Co. of America. 


protected by an aluminum casing, which, however, 
hardly reduces the heat losses through the electrode 
heads. 

Some attempts to enclose aluminum cells were 
made in the early days of the aluminum industry, 
but the necessity of supervising cell operation and 
of not overheating the anodes was why the experi- 
ments never reached an industrial scale. 

It is believed that the first large-scale use of 
enclosed cells was made at the Italian plant at Mori 
in 1931. The immediate reason for the experiment 
was to find a means of counteracting the increased 
energy consumption due to the use of Haglund 
alumina (see above) by reducing the heat loss 
through the upper surface. Several 12,500 amp 
cells, which were the standard equipment of the 
Mori plant, were fitted with light removable hoods 
of various designs, of which the most typical is 
shown in fig. 6. These hoods, as might have been 
foreseen, did not compensate for the effect of the 
Haglund alumina since they were not air-tight, 
were often opened, and were not heat insulated. 
They would have been added to the long list of 
unsuccessful experiments if, shortly afterwards, the 
“fluoric gases incident” had not occurred. 

This started when the population of a poor farm- 
ing village located some three miles downstream 
of the factory, under the impression that the gases 
of the factory were damaging to their cattle and 
silkworms, started clamoring for payment of dam- 
ages. Very soon, in a strange medieval setting, all 
the diseases in that poverty-stricken community 
were being attributed to “the factory.” The Italian 
Government ordered the immediate stoppage of the 
operation of the electrolytic cells until proper meas- 
ures had been taken to prevent the dispersion of 


fluorine compounds in the atmosphere. Two meas- 
ures were decided upon. One was the installation 
of some enclosed Séderberg electrode cells (see be- 
low); the other was to provide all the existing 
furnaces with hoods similar to those previously 
tested for a different purpose, connected with a 
system of exhaust pipes (fig. 7) through which the 
gases were conveyed to scrubbing towers. 

From the point of view of cell operation; these 
hoods had many disadvantages. Since they were 
not airtight and dispersion of the gases had to be 
avoided as much as possible, the amount of air 
sucked from each cell was considerable. This pre- 
vented overheating and burning of the anodes but 
reduced to nil the already negligible heat insulat- 
ing effect. The frequent inspections, the charging 
of alumina and the ladling of the metal were causes 
for opening the lids, with resulting dispersion of 
gases when their concentration was at its maximum. 
The hooded cells are still operating in Italy at Mori 
and Bolzano in the 12,500 amp and 25,000 amp sizes, 
but this type was not adopted anywhere else since 
its use in the Italian plant was dictated exclusively 
by the legal imposition to prevent the dispersion 
of fluoride-bearing gases. The recovery of cryolite 
and other fluorine compounds from the scrubbing 
plant is not a paying proposition with this type of 
cell, as the dilution is such as to require enormous 
installations. 

In 1934, Louis Ferrand (Paris) proposed an en- 
closed furnace* which presented some unusual 


*ULS. pat. 2,061,146. Nov. 17, 1936. 


features. Its main purpose, to avoid the heat losses 
through the upper surface, was achieved by means 
of a complicated heat-insulated hood. Other fea- 
tures of the invention were the oscillating prebaked 
anodes, movable around horizontal shafts. To the 
writer’s knowledge, the only attempt to operate this 
cell on an industrial scale was made in Rumania 
during World War II, with good results in terms of 
energy consumption. It is, however, doubtful that 
such a complicated apparatus could compete with 
modern types of cells with self-baking electrodes, 
which will be described below. 


The Modern Electrolytic Cell with 
Prebaked Electrodes 


The main features of the modern electrolytic cell 
with prebaked electrodes have often been referred 
to in the preceding pages, but it is interesting to 
examine in greater details the structural lay-out 
of a modern cell of this type and consider its per- 
formance. 

A good example is the German 30,000 amp cell 
shown in fig. 3 (PB 70030). The drawing is detailed 
enough so that the various parts may be clearly 
distinguished. The anodes are grouped four by four 
in nine rows; their size is 32 x 25 em. Each group is 
attached to a common rod suspended from the 
anode bus, and the anode-cathode distance for each 
group can thus be regulated independently. All of 
the main elements of the anode assembly are very 
similar to those of the French cell (fig. 2), the. 
American cell (fig. 5), and the Italian cell, built on 
a German prototype (fig. 6). This type has been 
used with few modifications in German plants and 
in some of the Italian plants since 1926. Some instal- 
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lations were made in 1939. An interesting improve- 
ment was tried at Mattigwerk, Germany, probably 
with success, since it resulted in the installation 
(1943) of a complete potline, which, however, never 
actually operated. Instead of the usual anodes, eight 
large 37 x 127 cm blocks were used, thus lowering 
the anode current density to 0.79 amp per cm’.* 


* A similar arrangement is being tested at present by other European 
aluminum plants, in high powered furnaces, with good results. 

It is difficult to strike a balance between the ad- 
vantages and disadvantages of the prebaked elec- 
trodes at this point. Only a few basic points will be 
summarized here: 

1. Heat insulation of the upper surface is difficult; it 
conflicts with the reduction of anode consumption 
and with the necessity of changing the anodes. 

2. The recovery of the fluorine compounds is also 
difficult and uneconomical; in fact, only two plants 
are equipped to do so. 

3. The periodic withdrawal of electrode stubs and 
the introduction of new electrodes, necessarily by 
hand, results in a detrimental discontinuity in cell 
operation. Attempts to develop continuous pre- 
baked anodes have so far failed.* 


* The writer, among others, once took out a patent for a continuous 

anode made of prebaked blocks, but he did not even dare test it since it 
was obviously inferior to the self-baking continuous anode. PB 74586 
records a test made at Lautawerk in 1941 of a 30,000 amp cell which used 
two large electrodes made of prebaked blocks. The experiment was not 
successful and was discontinued. 
4. On the other hand, cells with multiple prebaked 
anodes are simple and less expensive than other 
more advanced types and their operating results 
satisfactory. The fact that some of the largest pot- 
lines built in the United States during World War 
II were equipped with prebaked electrode cells 
clearly emphasizes the uncertainty which still ex- 
ists of the relative advantages of the various types 
of aluminum cells. 

Table IV, compiled mostly from German docu- 
ments, gives consumption figures for prebaked 
electrode cells. The French consumption figures 
are known to be similar to the German ones;} those 


+ Some recent experimental cells seem to have yielded better results. 


of the U.S., it is believed, show slightly better re- 
sults. 


principle is to use part of the heat generated dur- 
ing the operation of the electric furnace for the 
baking in situ of a semifluid electrode paste, which 
is fed from the upper part of the electrode while 
being progressively used up at the. lower end. 
Very early experiments had indicated that it was 
possible to use the same principle in the electro- 
lytic cells producing aluminum, and _ large-scale 
experiments were carried out in the United States, 
in France, and Spain* with slightly modified Soder- 


* The first patent related to aluminum production, was granted to 
SOderberg on May 15, 1928 (U. S. Pat. 1670042, applied for in Norway, 
July 25, 1923). 


Fig. 6—Hooded 12,500 experimental electrolytic cell at 
Mori, Italy, 1933. Source: Personal files. 


berg electrodes. A first change from the ‘carbide 
type,’ where the electric contact was carried out by 
means of clamps, occurred when the electrode was 
suspended by means of ribs attached to an alumi- 
num sheet casing, (fig. 8).t This system, however, 


+ Some early types did continue to use steel sheets, but the iron spoiled 
the aluminum. 


did not meet with favor, and its application was not 
extensive. The first real improvement came about 
1925, when steel contacts introduced laterally were 
used to lead the electric current into the baked 
carbon paste. These contacts were extracted when 
(as a result of the progressive use of the electrode) 


: & they were 
Table IV. Consumption Data for Pre-baked Multiple abo1wteete 
Electrode Cells§ touch the 
molten bath 
Laut rk Lautawerk Bolzano Pt. Marghera Russian 

Lior Vv AW VAW* INA+ AIAG Plant (fig. 9 and 
10).¢ This 
Ly t Westly. Gs. 
Year 1943 pe por) a Pat. 1757695, May 
Amperes, avg. 43,000 26,000 11,766 32,000 35,000 Bacal 
Wolee per.cell 6.38 5.65 6.47 4.85.4 — RE ardor 
KWH/100 kg. of Al DD], 2,066 2,212 1,750 1,820 1925. Fig. 12 and 13. 
Current Pitas Al 87.0 83.50 Noes ae 2 system of 

Alumina, kg./100 kg. o — — 5 == aoe : 
Cryolite, ke./100 kg of Al Be — 481 - = steel studs is 
Electrodes, kg./100 kg. of Al cs aon 54.85 A still in use. 


Up to 1930, 
the self-bak- 
ing electrodes 
for aluminum cells were round and could carry up 
to 30,000 amp; for several reasons, such as quality 
of the paste, limitation in size, and some impondera- 
ble factors which always make difficult the success 
of a new device, they were only a moderate success.” 

The turning point for the self-baking electrode 


: PB 70025. The Porto Marghera, Italy, and the Russian consumption data are second-hand reports. 
lteter Aluminum Werke. + Industria Nazionale Alluminio. + Aluminium Industrie A.G. 


The Electrolytic Cell with 
Self-baking Electrodes 


The self-baking electrode was developed during 
the first World War by a Norwegian engineer, C. W. 
- Séderberg.” It was originally applied to the manu- 
5 facture of calcium carbide and ferroalloys. Its basic 


TRANSACTIONS AIME, VOL. 188, JAN. 1950, JOURNAL OF METALS—113 


applied to the production of aluminum occurred in 
1931, when the first test cell came into being at the 
aluminum plant of Riouperoux, France, with large 


§ U.S. Pat. 1958328, P. Torchet, May 8, 1934; applied for in France, 
Oct. 21, 1931. U.S. Pat. 2073356, P. Torchet, March 9, 1937; applied 
for in the United States, April 18, 1933. 
rectangular electrodes.§ The success of the first ex- 
periment was followed by the installation of a 
series of these cells, and in 1932-3, technical experts 
convened in Riouperoux to study the new system,* 
which presented the following advantages: 


* The Riouperoux system as it was presented was much more than a 
new form of electrode: it was also the “know-how”? in the manufacture 
of the electrode paste, the operation of the cell, the design of the cell 
itself, etc. 


Fig. 7 — Covered 

cell potline and 

exhaust system, 

Mori, Italy, 1933. 

Source: Personal 
files. 


1. One or more large sized electrodes of rectangu- 
lar form could be used in a high-ampere cell. The 
consumption data were remarkably lower than 
those of the self-baking electrode cells up to that 
time. 


2. They could be enclosed in a box from which the 
fluoride-bearing gases and tar gases could be with- 
drawn by a fan and forced through a washing plant 
in which the fluorides were recovered. (Fig. 11). 

Cells of the Riouperoux type were very soon in- 
stalled in Switzerland, Germany (by the AIAG), 
England, France, and Mori (Italy), where they 
seemed to be the solution of the serious gas prob- 
lem. , 

Other plants adopted the Riouperoux type be- 
tween 1935 and 1940, and many more cells of similar 
type were installed during World War II in the 
United States, Canada, France, Italy, Germany, Ja- 
pan, Switzerland, the United Kingdom, etc. These 
cells were derived from basic designs supplied 
by the firm “Elektrokemisk,” Oslo, Norway, which 
was and is the owner of most of the Sdderberg and 
derived patents.” The Riouperoux version, which 
used two electrodes per cell (fig. 11 and 12) was 
modified after 1940, when the trend progressively 
shifted to a “single-electrode” cell. This proved to 
be more rational, cheaper in construction, and 
avoided the problem of the burning by the air of the 
two adjoining electrode surfaces. A typical single- 
electrode cell is shown in fig. 13. They can still be 
considered as typical of today’s practice. 

The main characteristic of the cells with self- 
baking electrodes, as it is for those with prebaked 
anodes, is the anode current density. The fact that 


the self-baking anode is a compact block with no 
space wasted (except the area between the two 
electrodes, if the now outmoded version is used) 
allows a lower current density without requiring 
an increase in the size of. the bottom.* 


* On the other hand, it is necessary to adopt a greater anode-cathode 
Bisceacs in order to prevent short circuits, when very long electrodes are 
used. 

The original Riouperoux experiments seemed to 
indicate that the width of an electrode could not 
exceed 110 cm. This limitation resulted in the 
necessity of using either very long electrodes, 
as the total amperage increased, or putting two or 
more electrodes in a cell. Both solutions were un- 
favorable both to thermal balance and to smooth 
and economical operation. Accordingly, most cells, 
up to the beginning of World War II, were built 
for not more than 22,000 to 30,000 amp. However, 
later experiments” were carried out with larger 
electrodes, and it became apparent that the limita- 
tion in width was not really significant, and elec- 
trodes up to 150-160 cm wide could be used with- 
out disadvantage. The dreaded disturbances due 
to the accumulation of gas bubbles under the elec- 
trode, while theoretically probable, did not affect 
the operation. Consequently, single large electrodes 
with low current density in high ampere cells en- 
tered the field of practical application. 

As shown in table V, the current density is con- 
sistently lower than for the prebaked electrodes, 
and modern furnaces show a trend toward even 
lower figures. However, the lower the current 


Fig. 8—Early self-baking electrode in a 11,000 amp 
cell, Riouperoux, France, 1929. Source: Personal files. 


density, the slower is the lowering of the electrode 
and the higher is its burning above the bath level 
if it is not protected; and this increases the electrode 
consumption. Furthermore, the time during which 
electrolytic CO, (in the reaction CO, + C = 2CO), 
is in contact with the electrode increases, and more 
CO can be produced, thus further increasing the 
electrode consumption. 

The self-baking electrodes (following the Riou- 
peroux example) are very often enclosed, not only 
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allowing the recovery of fluorine compounds, but 
also preventing the dispersion into the pot-room 
of the tar gases, which develop during the baking 
of the electrode. The effectiveness of this removal 
is questionable, however, so that there is very sel- 
dom an economic justification for building large in- 
stallations to recover the fluorine compounds. In 
any case, the workers are still exposed to tar gases 
during the various operations such as the extrac- 
tion of the lateral contacts, the crushing of the crust 
and the feeding of alumina into the cell, the re- 
moval of the metal, etc., since all of these opera- 
tions involve opening the enclosures. During these 
operations, the fluoride gases are freely dispersed 
into the atmosphere—even when there is a scrub- 
bing and recovering plant. 
Consumption figures of various cells with Séder- 


Table V. Dimensions of Electrodes and Current 
Density in Various Self-Baking Electrodes 


Inten- 

No. Size Sth sity amp 

Plant Year anodes cm Amp | per cm? 
Mori, Italy* 1931 1 round @ 125 12,500 1.02 
Clavaux, Francet 1930?) 1 round @ 150 14,000 0.80 
Riouperoux, France* 1932 2 rect. 100 x 135 22,000 0.81 
“Mori, Italy* 1933 2 rect. 100 x 135 | 25,000 0.93 
Sabart, France* 1940 1 rect. 100 x 375 | 33,000 | - 6.88 
Mattigwerk, Germanyt| 1940 1 rect. 155 x 265 30,000 0.73 
Mattigwerk, Germanyt| 1940 2 rect. 110 x 170 30,000 0.86 
Lautawerk, Germany} 1942?) 1 rect. 120 x 320 | 30,000 0.78 
Kitakata, Japan§ 1943 1 rect. 150 x 330 | 40,000 0.81 

Russiant 1942?) 1rect. |161.6 x 316.8 iP ia 


Sources:-* Personal files, { Guillet, Les metaua legers, (1935), £ Vari- 
ous German documents of the PB series. § Aluminum Metallurgy in the 
Japanese Empire, U.S. Dept. of Commerce, Oct., 1947. 


berg electrodes are given in table VI. The kwh 
per kg of aluminum are of the same order of mag- 
nitude as those shown on table IV for the pre- 
baked electrode cells. The same is true for the cur- 
rent efficiency. 


The New Enclosed Cells 


In 1931, even before the Riouperoux experiment 
_-had been disclosed, the writer had an opportunity 

to work with Soderberg electrodes when two 12,500 
amp single round electrode cells were installed at 
- Mori, Italy. Both cells had round electrodes (125 
em diam) with lateral contacts of the Westly type 
(fig. 9 and 10). Among the various measurements 
taken by the writer on those furnaces, those of 
_temperature had a prominent place as the writer 
was interested in comparing the heat balance of 
_ this type of cell with that of the cell with prebaked 
electrode cells which he had previously tested. The 
results (table VII) showed that a 12,500 amp fur- 
nace dissipated as much as 21 out of 64.5 kw (32 
pet) through the upper surface and 17.3 kw (26.7 
pet) through the electrode. In other words, about 60 
pct of all heat losses occurred through the upper 
part of the furnace. In striving to achieve a reduc- 
tion of these heat losses, the writer reached the 


~ eonclusion that: 


1. The structure of the conventional aluminum- 
cell with self-baking electrodes would have to be 
redesigned so as to transform it into a real electric 
cell, resembling furnaces used in other electro- 
- metallurgical operations (steelmaking). 


tion of the lateral contact stubs near the bath level, 
which would have prevented the use of insulated 
covers. 


3. The electrode, if enclosed under an insulated 
cover should be protected against corrosion, since 
the temperature in an insulated enclosure would 
necessarily be high and infiltration of air could not 
be entirely avoided. 

These ideas crystallized in December, 1931, in a 
concrete proposal to replace the lateral contacts 
with vertical ones, which, cutting through the un- 
baked upper portion of the electrode paste, would 
reach into the lower baked portion. These contacts 
were made with a specially shaped thread, were 
to be progressively extracted by simple rotation, 
and were also to serve as suspension for the elec- 
trode. The electrode, thus freed of the lateral con- 
tacts and of all the related accessories could be en- 
closed in an airtight permanent steel casing that 


Y 
Y 


My 
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Fig. 9—Self-baking electrode cell, 12,500 amp, Mori, 
Italy, 1931. Source: “Elettrotecnica” and personal files. 


2. This transformation would require the elimina- 
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Table VI. Consumption Data for Cells with Self-Baking 


Electrodes 
Plant Lautawerk | Lippe | Lippe | Lippe | Mattig Kitakata 
Year 1943 1944 1943 1943 1943 1945 
No. electrodes 2 1 1 1 
Amp, avg. 29,384 30,156 | 30,022 | 29,990 | 30,131 36,086 
Volts per cell 5.00 5r29. 5.31 4.47 4.96 — 
Kwh per 100 kg of Al 1,801 1,854 1,895 1,820 1,746 1,980 
Current efhciency, pct 82.7 85.7 83.6 81.5 84.8 90 
Alumina per 100 kg of Al 19272 190.6 194.5 192.8 192.74 
Cryolite per 100 kg of Al , 4.16 6.67 
Electrode paste per 100 kw of Al 55.9 57.64 57.90 57.31 56.94 60 
Source PB PB PB PB PB US. ‘ 
70025 70032 | 70032 | 70022 | 70022 | Dept. of Fig. 10—Photo of the cell 
See Ny in Fig. 9. Source: Per- 


sonal files. 


would protect its lower portion and thus allow its 
enclosure under insulated covers. These basic con- 
cepts are embodied in the cell shown on fig. 14 
(which was used in filing the patent for the new 
cell, U.S. 2100927).* The writer accordingly modi- 


* Reference is made in a recent paper”? to the fact that the Elektroke- 
misk had tested vertical screws as current carrier since 1919. These experi- 
ments, of which no one knew at that time, were probably not backed 
by a sufficient understanding of the heat balance of the aluminum cell 
and of the importance of enclosing the electrode. They were soon for- 
gotten. because they were not properly interpreted. 
fied one of the 12,500 amp Soderberg furnaces at 
Mori (without, however, installing the alumina 
bins, which were left for later experimentation), 
and in the fall of 1933 the first test furnace was 
started. All the relevant details of this experiment 
are shown clearly in fig. 15 and 16. In particular, 
fig. 16 shows the airtight steel casing which pro- 
tects the electrode underneath the covers. The 


covers were not heat-insulated but were made of 


Table VII. Consumption Data and Breakdown of 
Energy Losses in Experimental Soderberg Cells 


two metallic sheets with asbestos filling between 

them. All the procedures connected with the opera- Mice nate Mot es 
tion of the cell were simplified, and a remarkable Fig. 9 and 10 | Fig. 15 and 16 
smoothness of operation was achieved. 

The writer undertook the same measurements on Current amp 12,500 12,400 
this modified furnace that he had made before on  co.8* eticenee se ea ete ara 
the conventional type with lateral contacts. Fen pig ete Byres ee A Ze 

From the data collected and from the practical of which (a) used kw 21 21 
experience, the following main conclusions were By eseses ait ee ee 


drawn: 


1. The covering of the cell with a lightly insulated 


! Breakdown of Energy Losses, in kw 
cover, made possible by the adoption of vertical 


contacts, resulted in a reduction of power consump- Losses through the bottom 11.20 11.20 
Upper surface (covers) 21 3.80 
Electrode 17.30 3.90 
Contacts (external) 6.20 6.20 
Operation 6 6 
Electrolytic gases 1.80 0 
Metal 1.00 1.00 
Opening of covers 0 2.50 
Gases plus air (0) 22.70 


tion from 25 to 22.80 kwh per kg Al, or roughly 
10 pct. 


2. Most losses, 22.7 kw out of 57.3 (or about 40 pct) 
occurred through the air and gases aspirated from 
the enclosed cell. The problem of insulating the 
upper surface was thus reduced, transformed into 
the simpler problem of building a tight and better 
insulated cover, and reducing the amount of air 
which was aspirated with the gases. 


Fig. 11—Enclosed 22,000 amp furnaces with self-bak- 

ing (Soderberg) electrodes, Riouperoux, France, 1932. 

Two 100 x 135 cm electrodes. Source: “Elektrokemisk 
Bulletin”. 


3. The electrode was perfectly protected by the 
steel casing, and even when the bath was over- 
heated no corrosion appeared. Furthermore, the 
aluminum casing used in the conventional Riou- 
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peroux type became superfluous, as the electrode 
slid easily in the fixed casing. 

The promising results achieved with the first test 
furnace prompted further experimentation. To this 
end, a standard bottom for a 25,000 amp multiple 
prebaked electrode cell was fitted (fig. 17) with 
two self-baking electrodes, and the resultant cell 


-was installed in a 12,500 amp potline. The anode 


current density on the two electrodes (100 cm x 
90 cm) was very low (0.70 amp per cm’), the lowest 
on record at that time. The bottom was exceedingly 
large and hence its heat losses were relatively high, 
but the over-all extremely favorable results of the 
first cell were fully confirmed. (See table VIII, 
Experiment 1). . 

The interesting features of this cell were: 1. 
Carefully insulated covers which pivoted on hori- 
zontal hinges. 2. A very neat external appearance 
which made the cell look like a real electric fur- 
nace, an impression which had been missing from 


Fig. 13— (above) Single-electrode cell. 


Fig. 14— (below) Self-baking electrode 

with vertical threaded contacts. Enclosed 

cell. Original patent drawing. Source: 
Personal files. 
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the aluminum cells up to that time. 3. Gas and air 
suction was reduced to a minimum. 

Preliminary calculations had shown that if the 
25,000 amp bottom with multiple prebaked elec- 
trodes had been connected to a 12,500 amp potline, 
it would have required 110 kw, corresponding to 
approximately 9 volts; otherwise the bath would 
have frozen as a result of the excessive heat losses. 
The experimental cell with insulated covers re- 
quired only 92.50 kw, or about 7.40 volts (average 
current 12,500 amp) (see table VIII). If the covers 
were left open, the cell could not operate at less 
than 8.50 volts, and even then the operation was 
very troublesome. The cell was, however, over- 
sized, and conclusions as to the power consumption 
could: not have been drawn from that experiment. 
Another experiment was therefore made by equip- 
ping the same cell with two 100 x 120 electrodes 
and installing it in a 25,000 amp potline. Table VIII, 
Experiment 2, shows the results of this test. The 
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Fig. 15 — Closed 
electrolytic cell, 
self-baking elec- 
trode with verti- 
cal threaded con- 
tacts. Type BL I. 
Mori, Italy, 1933. 


energy consumption was remarkably low in spite of 
the unfavorable operating conditions (due also to 
the anode current density, which was far too high 
for the self-baking electrodes). This experiment 
finally proved that the vertical contacts with per- 
manent tight casing and with insulated covers 
opened new perspectives for the aluminum cell.* 


* The writer in 1935 started a two-electrode 100 x 140.cm, 24,000 amp 
cell at Chippis (Switzerland), and in 1940 he installed a single-electrode 
120 x 375 cm, 33,000 amp cell at Sabart (France). (Anode current density 
in each case less than 0.75 amp per cm?.) The Chippis experiment was 
finally discontinued in 1938 because the screws had a too pronounced con- 
icity and tended to break the electrode, thus creating uneven distribution 
of current, short circuits, etc. During the Sabart experiments, the above 
difficulty was overcome, but a severe corrosion of the screws by the 
sulphur contained in small proportion in the petroleum coke (raw ma- 
terial for the electrode paste) forced the discontinuance of the experi- 
ment. The screws were made of ordinary carbon steel; a proper alloy 
might have resolved this problem also, but the circumstances under which 
the test was made (1941, France) were not the most favorable. 


While these vertical screw contacts were still 
undergoing tests, an intermediate solution was tried 
at Mori in 1939. It consisted, briefly, in lengthening 
the normal contact studs and inserting them ver- 
tically in the unbaked paste. (Fig. 18). Otherwise, 
the cell looked very much like the test cells with 
threaded vertical contacts mentioned above. 


Table VIII. Consumption Data of Two-electrode Ex- 
perimental Cells (1935-6) 


Experi- Experi- 
ment 1 ment 2 
Number of electrodes 2 2 
Size cm 100 x 90 100 x 120 
Anode current density amp per cm? 0.70 1.04 
Actual amperage 12,400 25,000 
Voltage 7.40 5.50 
Current efficiency pet 81 84 
Power consumption, 
kwh per kg Al Oi 19.5 
Power per cell kw 92:5 137 
of which a) used Awan 21.0 42 
b) dissipated kw 71.5 95 
Breakdown of Energy Losses, in kw 
Through bottom 26 26 
Upper surface (covers) 6 7 
Electrodes 6 7 
External] contacts 5 12 
Operations 6 8 
Metal 1 2 
Opening of covers 2.5 5 
Gas and air aspirated 19 28 


The first tests were highly successful, and in 
1940, several potlines were installed at Bolzano, 
Italy (fig. 19 and 20). Unfortunately (as often 


happens in the industrial application of pilot plant 
improvements), while the anodic part, i.e., elec- 
trode, was a decided improvement over previous 
types, the cathodic part, i.e., the bottom of the cell. 
itself, was too narrow and not rationally heat-insu- 
lated, so that not all the advantages of the new 
approach to cell construction could be fully ex- 
ploited. Even so, the cells in themselves and the 
installation as a whole are very impressive, though 
quite expensive. 

The cell (fig. 19) has a single elongated electrode 
with rounded ends (it could with but slight im- 
propriety be described as an oval electrode). The 
bottom follows the same shape. The anodic surface 
is about 33,000 cm’; the theoretical amperage is 
28,000; the corresponding current density, 0.85, is 
too high for a modern cell. The operating results 
have been marred by a high electrode consumption 
due, in part, to poor paste. The electrical data are, 
nevertheless, remarkable: 


Amperes 26,858 
Volts 4.86 
Kwh per kg of Al 17.70 
Current efficiency Slo pct 


Source: PB 70023 


Fig. 16—View of same cell with two covers open. 
Source: Personal files. 


The example of the Bolzano plant was followed 
by the French (La Praz), who adopted a somewhat 
simplified and cheaper structure (1942). Other ex- 
perimental furnaces of this type are now operating 
in other countries. 


The Electrolytic Furnace of Tomorrow | 


From what has been said of the various types of 
electrolytic furnaces equipped with prebaked elec- 
trodes, and of the developments of the self-baking 
electrode up to the “Vertical contacts-permanent 
casing-heat insulated covers” type, it seems logical 
to conclude that the latter opens up a new field of 
progress which is likely at last to make the electro- 
lytic cell more of an electric furnace and less of a 
hand-operated pot. 

The writer, though recognizing the danger of 
extrapolations in this field, ventures the following 
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forecasts of the impending developments in the 
design of electrolytic cells for the production of 
aluminum: * 


* Patents are pending covering some of the points mentioned in the 
following paragraphs. This explains a certain vagueness of expression. 
As soon as convenient, an addendum will bring the matter up to date. 


Capacity: The tendency toward larger cells will 
continue and, while today a 40,000 amp cell is 
classified as large, this description will apply in 
the future to cells of 100,000 amp. The use of 
vertical contacts with steel casing will allow the 
reconsideration of the use of two or more electrodes 


Fig. 17—Closed electrolytic cell with two self-baking 
electrodes. Type BL II. Mori, Italy, 1935. 


separately or jointly regulated. A rectangular 100,- 
000 amp cell with two self-baking electrodes 200 x 
350 cm, having an anode current density of only 
0.7 amp per cm’, could be built today. Its electrodes, 
thoroughly protected from burning by gas-tight 
casings, would operate under insulated covers. Also, 
a single 200 x 700 cm electrode for 100,000 amp 
could be used. The use of 100,000 amp cells cannot 
become general since only a very few large plants 
have a sufficiently large power supply.* Moreover, 
any interruption of the current supply to a 100,000 
amp cell (a possibility that must always be reck- 
oned with) causes very serious trouble. 


_ * A 180-cell potline would require some 80,000 kw and would produce 
45 tons of aluminum per day, or some 16,000 tons per year. 


Shape: The latest technique justifies considera- 
tion of the advantages of the round cell, which has 
been left aside, always regretfully, since the Riou- 
peroux developments promoted the rectangular 
electrode. 

Thus, one can imagine a 40,000 amp cell having 
one electrode with diam about 270 cm which would 
match the performance of much larger cells. Its 
structure would be much simpler than that of a 
100,000 amp cell, and the heat losses would be re- 
duced to a minimum since the round electrode and 
the round cell could be more easily insulated than 
the corresponding parts of a 100,000 amp cell. A 
power consumption of 14 kwh per kg could easily 
be attained even in this medium-size cell and would 
probably be bettered. Other forms of electrodes will 
probably be used in particular circumstances. Oval 
electrodes have already been mentioned, but all 
sorts of shapes of electrodes will be possible when 


the improved electrode techniques are used. Some 
experiments made now in this direction. 


Recovery of Fluoride Compounds: The use of 
airtight covers and other devices would allow a 
drastic reduction in the amount of air and gases 
which must be sucked from above each cell. The 
higher concentration of fluorides in the gases to be 
scrubbed would enable an effective recovery of the 
fluorides with small, inexpensive scrubbers. The 
precipitation of tar particles could be accomplished 
electrostaticly, and many other improvements would 
become possible owing to the small amount of gas 
to be handled.“ A recent patent (Luzzatto. Norw. 
Pat. 72332, July 14, 1947) which is the result of the 
writer’s earlier experiments with vertical contacts 
and enclosed cells, promises to offer not only a 
more comprehensive solution of the problem of 
catching and utilizing the fluorides, but also the 
possibility of other important advantages. 

This invention consists of a narrow collecting 
channel surrounding the electrode casing at its low- 
er end. The electrolytic gases and the tar gases are 
collected in this annular chamber which is made 
air-tight by an alumina seal”. The gases thus cap- 
tured are highly concentrated and it is easy to 
eliminate them or to use them without expensive 
installations. 

Large scale experiments are being made in Nor- 
way, France and Italy. The results achieved so far 
justify the expectation of further important advan- 
tages in the following directions: reduction of the 
power consumption, mechanization of the principal 
operations, reduction of operating costs. 
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Fig. 18—Sketch of a self-baking electrode with vertical 

contacts, U.. S. Patent 2,224,739. Source: Elektro- 

kemisk, Oslo, Norway, Report to the licensees, Sept. 
9, 1941. PB 70028. 


Mechanization: Manpower requirements will be 
reduced to a minimum by the use of mechanical 
contact extractors, as in the Bolzano installation. 
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The feeding of the alumina will also be mechanized, 
as will be the removal of the molten metal. 


Consumption: Power consumption will be about 
14-15 kwh per kg of alumina, ie., 2/3 of the con- 
sumption of most installations of today’s aluminum 
plants. Consumption of electrode paste depends as 
much upon the quality of the paste as on the design 
of the cell, but the elimination of the burning of the 
electrodes by the air and the improved conditions 
under which the baking takes place will certainly 
result in a sizable reduction of electrode consump- 
tion to, say, 48-50 lb per 100 lb of aluminum. 


The effective recovery of the fluorides from the 
electrolytic gases will reduce the net consumption 
of cryolite and other fluorides in the pots to small 
percentages of the present consumption. 


Summary: The electrolytic aluminum cell of to- 
morrow will be round and equipped with self- 
baking electrodes with vertical contacts. It will 
have heat-insulated covers, mechanical devices for 
feeding alumina, removing the metal, and shifting 
the contacts. The atmosphere of the pot-room will 
be clear, as a consequence of the careful and eco- 
nomically profitable aspiration and scrubbing of the 
electrolytic gases. Man-power requirements will be 
reduced. The capacity of the furnaces will not need 
to be larger than 50,000 amps, although in partic- 
ularly favorable circumstances larger furnaces 
could possibly be installed. 

It is hoped that the aluminum industry will be 
able to take advantage of these improved techniques 
when the new expansion of aluminum production 
gets under way. 
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DISCUSSION 


A. C. LOONAM*. In the first place it must be said 
* Deutsch & Loonam, New York City. - 


that the electrolytic process for the production of 
aluminum is pretty good, as it has dominated the field 
for about 60 years without any serious competition. 
An interesting development in this connection is that 
the first contact rectifier} to be installed in this country 


jf Otto Jensen: Trans. Electrochem. Soc. (1946), 90, 93. 


is going into operation this week at the plant of the 
Buffalo Electro-Chemical Co. at Tonawanda, N. Y. 
During the war the Germans did a lot of work on the 
electric smelting of aluminum and developed a lower 
halide process for refining the crude metal so ob- 
tained. Has anybody done any work on this process 
or heard any details about the reactions that take 
place? There have-been some rather startling reports 
of its efficacy. In one case, for example, aluminum of: 
99.85 pct purity was produced from an electric furnace 
silicon-aluminum alloy containing less than 58 pct 
aluminum, while in another, a scrap alloy containing 
about 97.3 pct Al was refined to a purity of 99.98 pct. 


J. D. SULLIVAN}: I cannot discuss the halide 


+ Bettelle Memorial Inst., Columbus, O. 


process although I know that there has been work 
done in this country on that and a patent issued to 
Alcoa. I think that patent was limited to the fluoride. 


A. C. LOONAM. There is a recent article by Klemm 
and his coworkers§ which gives considerable quali- 


§ W. Klemm, E. Voss, and K. Geiersberger: Ztsch. anorg. Chem. (1948) 
256, 15. : 


tative thermodynamic data on the lower aluminum 
halides. 


J.D. SULLIVAN: The thermal itself is O.K. under 
certain conditions of temperature. 
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Textures in 


Cold Rolled Copper and 70-30 Alpha Brass 


by Walter R. 


T has been proposed’ on the basis of slip and flow 

that the ideal deformation texture of cold rolled 
face-centered cubic metals is (110) [112]. As 
pointed out recently by Brick,’ this theory does not 
’ account for the difference between the pole figures 
for cold rolled copper and 70-30 alpha brass, which 
develop strikingly different spreads from the ideal 
orientations. It does suggest that the pole figures 
might be similar for these two metals if they are 
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sistant Professor of Metallurgy at Yale University, 
New Haven, Conn. 

Technical Note No. 33 E. Manuscript received Oct. 
26, 1949. 


rolled sufficiently. This has been found to be the 
ease for cold drawn wire.’ 


Experimental Procedure: Four inch sections of 
cast cakes of copper and 70-30 alpha brass were ob- 
tained through the courtesy of the Bridgeport Brass 
Co. Pieces from these cakes were cold straight 
rolled 99.993 pet reduction in thickness with the 
assistance of the Remington Arms Co., Bridgeport, 


Hibbard, Jr. 


Conn., and by the use of pack rolling. Pole figures 
were made using the X ray camera and techniques 
described by Brick.* These pole figures were not 
significantly different from those previously pub- 
lished for the same materials rolled 98 pct.’ Eight 
thicknesses of this strip were then pack rolled. 
This material failed completely and extensively in 
tension as shown in fig. 1, developing wavy trans- 
verse fractures and bulges. No further work could 
be done on these samples. 

Summary: Within the range of this experiment, 
no attainable amount of cold rolling would cause 
the pole figures of cold rolled copper and 170-30 
brass to become similar, in spite of the fact that 
such a similarity is predicted by theory.’ 
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Fig. 1—Copper and 70-30 alpha brass cold rolled 
more than 99.993 pct reduction in thickness. 


(Actual size). 
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HE crystal imperfections known as faults in 

stacking (stacking disorder) are of importance 
to both fundamental and applied science and are re- 
‘ceiving increasing attention. On the theoretical 
side there have been recent advances in the an- 
alysis of diffraction patterns in terms of stacking 
faults, and on the experimental side it has been 
found that certain metals develop a faulted struc- 
ture on cooling through a phase transformation. 
Beyond this, little is known of what may be called 
the physical and mechanical metallurgy of faulting, 
although there has been no lack of discussion and 
conjecture as to the presence of faults in metals and 
the effect of faults on mechanical properties and 
microstructures. 

In the close-packed metals the nature of faults 
can be described very simply. Face-centered cubic 
(FCC) crystals consist of close-packed layers of 
atoms, (111) planes, stacked above each other in a 
definite manner. If one layer is designated as the A 
layer, the next must be a B or a C layer; that is, 
every atom of the second layer lies not above the 
' atoms of the A layer, but nestles in the hollows be- 
tween these, using the hollows designated as the B 
positions, or the 


by Charles S. Barrett 


Disorders (faults) in the stacking of atomic planes in Cu-Si 
alloys were detected and analyzed by X ray diffraction, and the 
conditions for generating faults were determined. They were found 
in alloys of 4.0-5.4 pct Si after deformation, when supersaturated. 


Faults in the Structure of 


Copper-Silicon Alloys 


that is a twin of the former; if ABAB........ or 
BCBC..it is hexagonal close-packed (HCP). A 
fault is a break in the sequence, such as ABCABABC 
... Which has the effect of inserting an HCP lamella 
into an FCC crystal. Regularly spaced faults spaced 
two layers apart would convert an FCC crystal en- 
tirely to HCP, or an HCP to FCC. A fault in an 
FCC crystal is also equivalent to creating an FCC 
twin of minimum thickness; in fact, the entire 
crystal would be converted to its twin if faults 
were introduced regularly. (In HCP crystals, how- 
ever, twinning does not occur on the basal plane 
and a fault on this plane is not identical with a 
thin twin). 

Faults are one of the possible causes for anneal- 
ing twins,’ for the strain markings that are brought 
out by etching deformed metal,’* for the altered X 
ray reflecting power of metal at slip bands that is 
revealed in X ray reflection micrographs,’ for the 
extinction of Kikuchi lines in electron diffraction 
patterns, and for the hardening of latent slip 
planes.® Since other explanations of these effects 
are also available,® there has been no direct proof of 
faults from deformation; yet it has appeared likely 

that they would oc- 


~ equivalent hollows 
designated as C. If 
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cur.’ Faults resulting 
from phase transfor- 
mations in metals, 


5 
ie 

- 
4 


the sequence of lay- 
ers is ABCABC...., 
so that layers three 
spacings apart are 
directly over each 
other, the crystal is 
HCG aif CBACBA.... 
it is an FCC crystal 
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however, have been 
clearly revealed by 
diffraction in cobalt* * 
and lithium.” * 

It is to be expected 
that the faulting 


tendency is greatest 
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under conditions such that the interface energy 
caused by a fault is least. The copper-silicon alloys 
provide a variety of conditions with which this 
point of view can be tested, and offer unique ad- 
vantages for the study of faulting and its effects. 

The alpha phase (FCC) in the copper-rich alloys 
can be made to precipitate kappa (HCP) or vice 
versa, as will be evident from the phase diagram, 
fig. 1, and the closely similar atomic radii in alpha 
and kappa permit these phases to fit together on in- 
terfaces that have almost no interface energy or 
strain energy, as Cyril Smith” has pointed out. 
Furthermore, each of these structures can be trans- 
formed to the other by glide on the close-packed 
planes that are the slip planes. Below the eutectoid 
temperature (552°C) there is an opportunity to de- 
compose the hexagonal phase into alpha plus an- 
other cubic structure, of the beta-manganese type, 
the gamma phase. It is also possible to precipitate 
gamma from alpha. 

The Lattice Dimensions of the Phases: The ran- 
dom substitutional FCC solid solution of Si in Cu 
extends to 4.65 pct Si (9.95 at. pct) at the eutectoid, 
552°C, and to a maximum of 5.3 pct (12.45 at. pct) 
at 842°C, according to Smith.” The two phase re- 
gion, alpha plus kappa, extends from the alpha 
phase limit to 5.2 pet (11.05 at. pct) and to 5.9 pct 
(12.45 at. pet) at 552°C and 842°C, respectively. 
The alpha plus gamma region extends to 8.35 pct 
(17.15 at. pet) at 552°C, according to Smith.” An- 
dersen’s diagram” is in satisfactory agreement with 
Smith’s. 

According to precision X ray determinations by 
Andersen,” Si expands the lattice of Cu according 
to the linear relation a, = 3.6077 + 0.00065C kx- 
units, where C is atomic per cent silicon; at the sol- 
ubility limit for 560°C, a, = 3.61395; and at 750°C, 
3.61462 += 0.0002 kx; the HCP kappa phase in 
equilibrium with alpha at these two temperatures, 
respectively, has a = 2.5539, c = 4.1765, c/a = 
1.6353:and a = 2:5566, c ==4.1737; c/a = - 1.6325, in 
kx units, all values being measurements made at 
room temperatures. 

The distances between the atoms of the hexagon- 
al array on the (111) alpha plane and the (00-1) 
kappa plane for alloys in the two-phase region are 
very nearly identical. According to~ Andersen’s 
measurements, which were made on _ alloys 
quenched to room temperature after long anneals, 
they differ by only 0.05 to 0.08 pct, and the spac- 
ings of these planes differ by only 0.025 to 0.08 pct. 
These differences are too small to be recorded as 
splitting of lines in powder patterns of two-phase 
alloys and are only obtained by computations from 
measurements of several lines. It appears likely 
that the interatomic distances are actually identical 
at the elevated temperatures, as Smith has sug- 
gested;™ at any rate, there is much reason to expect 
this in most laboratory experiments where one 
phase is precipitated from the other in the absence 
of recrystallization of the parent phase, and where 
coherency between the lattices is, therefore, almost 
certain to occur. 

During the present work it was confirmed that 
the structures of the two phases are of the types 
mentioned, that the atomic radii are identical or 
substantially so, and that the axial ratio of kappa is 


Temperature, degrees C. 


1.633 within the accuracy of the patterns, which are 
somewhat less precise than Andersen’s. 
When the (111) and (00-1) planes of alpha and 


kappa form the interface between the two phases, > 


with close-packed rows of atoms parallel in the two 
and with equal or nearly equal atom spacings in 
the two, the interface must be of exceedingly low 
energy, which accounts for the observation that the 
banded kappa plus alpha structures resist spheroid- 
ization almost indefinitely during annealing.” This 
orientation, predicted earlier,” was confirmed in the 
present investigation. 

The gamma phase, according to Arrhenius and 
Westgren” and to Sautner,” has the beta manganese 
structure, cubic, with 20 atoms per cell, and with 
a, — 6.210 kx. There are marked similarities in the 
atom pattern of (111) gamma and (111) alpha, 
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Fig. 1—Equilibrium diagram for Cu-Si alloys, accord- 
ing to Smith”. 


some atoms of the alpha matching the gamma with- 
in 0.08 pct. 

Materials and Methods: The specimens were 
taken from the hot rolled homogenized alloys used 
in Smith’s investigation,” supplemented by a melt 
that analyzed 5.50 + 0.04 pct silicon, which was 
hot rolled and annealed 40 hr at 800°C for homog- 


enization. Heat treatments were carried out in aires, 


with small samples, usually wrapped in copper foil. 
The samples were introduced into a furnace that 
was controlled at the annealing temperature; some 
were subsequently cooled in air by gradually with- 
drawing them from the furnace, reaching 100°C in 
3 to 5 min; others (unprotected by copper foil) 
were quenched in water. The specimens were 
deeply etched to remove surface layers that may 
have been depleted in silicon. 

Oscillating crystal pictures of these specimens 
have spotty Debye rings that prove to be convenient 
for studying the structures. A series of pictures was 
made on a small Debye camera using circular 1 mm 
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diam pin holes and nickel-filtered copper K radia- 
tion. The samples were oscillated 3° to 6° or oc- 
casionally more, the range being chosen to give a 
convenient number of spots. The samples aver- 
aged 2x3x10 mm in size and were placed in the 
camera with one surface at an angle of about 10° 
to the beam. 


The Streaks on Diffraction Patterns: It is found 
that the X ray diffraction patterns very frequently 
contain details that cannot be accounted for by 
normal FCC and HCP phases. In addition to sharp 
spots from one or both of these phases, and Laue 
streaks from the general radiation component of 
the incident radiation (Laue spots elongated into 
streaks by the specimen oscillation), there are 
streaks at angles very divergent from the Laue 


- streaks. The Laue streaks, which are radial near 


\ 


the equator of the films and are always at predict- 
able angles, are ignored in the analysis to follow 
and reference is made only to the other streaks, 
which are made by the monochromatic filtered 
(characteristic) radiation. 

Typical films are reproduced in fig. 2 for a 
quenched alpha phase alloy, (4.91 pct Si) deeply 
etched, and in fig. 3 for an alpha alloy (4.16 pct Si) 
that had been slowly cooled (fig. 3a) and one that 


-had been lightly hammered under liquid nitrogen 


and deeply etched (fig. 3b). The prominent streaks 
lie in definite preferred directions, from which can 
be deduced the directions of the corresponding rods 
in the reciprocal lattice. 

When _ the angle of oscillation of the specimen in 
the X ray camera is restricted to a few degrees, or 


It is found that the streaks from both alpha and 
alpha plus kappa Cu-Si alloys are oriented as in 
fig. 4, with the rods parallel to the hexagonal c axis 
or [111] cubic directions. The FCC alpha crystals 
can also be indexed in the rhombohedral system 
with hexagonal axes, with the [111] direction be- 
coming the c axis (see the indices followed by letter 
R, fig. 4). 

The orientation of the streaks is such as would be 
caused by an imperfection in the manner of stack- 
ing the close-packed (111) planes of the cubic phase 
(or the close-packed basal planes of the hexagonal 
phase) for the effect of disorders in stacking is to 
elongate reciprocal lattice points in the direction 
normal to the planes that are faultily stacked. This 


effect has been studied in metallic crystals after 


transformation, for example in cobalt*°® and lith- 
ium”. * and is observed in many nonmetallic sub- 
stances. 

Before concluding that the streaks are caused by 
stacking disorders, however, it is necessary to prove 
that they are not due to thin plates of a phase, or 
merely thin isolated layers having a composition 
different from the surrounding material, for these 
could serve as two dimensional gratings and pro- 
duce streaks much like the observed ones. 


Cause of the Streaks: Experimental proof that the 
streaks result from stacking disorders, rather than 
thin plates or silicon-enriched planes, rests on the 
appearance of spots on the FCC (220) ring on films 
made with a small angle of oscillation of the speci- 
men. The spots on this ring from the FCC phase 
have rhombohedral-hexagonal indices 11-0 and 10-4. 


Fig. 2—X ray diffraction pattern of alpha phase alloy (Cu+4.91 pet Si) quenched after recrystalliza- 
tion at 820°C. 


a 


when the specimen is stationary, there are long 
streaks only if reciprocal lattice rods are tangent to 
the reflection sphere. If streaks are tangent to a cer- 
tain Debye ring it follows from geometrical con- 


; siderations that planes reflecting to make spots on 


that ring are planes of a zone having an axis in the 


direction of the rods. This is true whether the Debye 
* ring is real or merely corresponds to planes having 


the reciprocal lattice, it is seen that the 


zero reflecting power.* 


* The relation may be visualized by referring to fig. 4, which is a 


sketch of a rod parallel to the ¢ axis in reciprocal space with points in- - 


dexed with hexagonal indices (marked R in fig. 4), the rod orientation 
having been deduced from patterns like fig. 2. and 3. Consider a _par- 
ticular grain that is oriented as in this drawing, and let the incident 
beam be perpendicular to the rod. piace pe peieies sphere he 
inci ; m as a diameter and one end of the diameter is at vin 
piece cere beam may be oriented with 


Non-Laue streaks indicated. All patterns made with small oseilla tot (usually 3° to 6°) of polycrystalline specimen in Ni-filtered 
Cu radiation. 


It has been shown theoretically and experimentally” 
“18 that 11-0 spots are not widened into streaks 
when stacking disorders are present since they be- 
long to the class h-k==3n where n is any integer, 
including zero. This is because faulting leaves these 
planes undisturbed. But the 11-0 spots would be 
widened by thin plate effects if these existed, and 


the direction of widening would be tangential to 


this Debye ring, since the rods in reciprocal space 


respect to the grain so that the rod is tangent to the sphere at the point 
X, which would have indices 10.0 and would belong to the zone [00.1], 
and the long streak will be at the angle $1 = 90° to the (invisible) 
10.0 Debye ring. The angle #1, and the other angles $2, gs... .for long 
streaks at other Debye rings will be found in the equatorial region of 
cylindrical oscillating crystal films as the angle between the ring radii and 
the streaks. 
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Fig. 3—Pattern of alpha (Cu+4.17 pet Si) recrystallized at 820°C. 


(a) slowly cooled, (b) hammered slightly at liquid nitrogen temperature. Shows non-Laue streaks from the hammering. 


would necessarily be parallel to the [00-1] direction 
of the rhombohedral-hexagonal cell, like the rod in 
fig. 4. On the other hand, the 10-4 spots would lie 
on streaks having a preferred direction at an angle 
to the ring. Now on all films showing streaks there 
are always spots on this ring that are unwidened 
and unassociated with streaks, and there are no 
tangential streaks through any spots on the ring. 
It therefore follows that stacking faults, not isolated 
thin plates or enriched planes of atoms, are responsi- 
ble for the streaks. The possibility is not excluded, 
of course, that faulted regions may tend to develop 
a concentration different from that in the unfaulted 
surroundings, becoming a more conventional pre- 
cipitate. The streaks could not be due to thermal 
vibrations of the atoms during the X ray exposure 
because the streaks are absent after certain heat 
treatments (see fig. 3a). 


Intensity Distribution Along the Streaks in Alpha 
Alloys: In the patterns of alloys containing only the 
alpha phase, the streaks have more or less pro- 
nounced broad maxima at the diffraction angles of 
the alpha phase, as in fig. 2 and 3. This would be 
expected if the cause of the streaks is an imperfec- 
tion of stacking in the FCC phase. 

Zachariasen has derived relations for the intensity 
distribution along a streak in terms of the relative 
displacements of identical, parallel, and equidistant 
atom layers with respect to each other.” These may 
be applied to stacking disorders in the FCC struc- 
ture by choosing x and y axes, at 120° to each other, 
parallel to the close-packed rows of the (00-1) plane 
of the rhombohedral-hexagonal structure — the 


(111) plane referred to cubic axes—and the z axis 
normal to this plane. The degree of stacking dis- 
order is expressed in terms of the probability p, that 
a layer will be in the close-packed position such 
that an atom is at the coordinate position x, y equal 
to 1/3, —1/3 with respect to an atom in the adjacent 
layer at the position 0,0. There are two close-packed 
positions, and since every layer is assumed to be in 
one or the other of these, it follows that if p. is the 
probability of being in the other, ie., at x, y equal 
to —1/3,1/3, then p, + p. = 1. In a perfect FCC 
single crystal, p, = 1.0; the condition p, — 0 repre- 
sents a twin of the crystal for which p, = 1.0; when 
the layers are stacked at random p, — 0.5. The 
analysis assumes that faults are distributed statis- 
tically at random so that the stacking in any pack 
of layers chosen at an arbitrary position in the 
structure is representative of the whole crystal, or 
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of that portion of it to which the analysis is applied. 

These probabilities determine the probabilities 
of relative displacements of layers M spacings apart. 
If the probabilities that the Mth layer will have 
positions 0,0 or 1/3,—1/3 or —1/3,1/3 with respect 
to the atom at the origin are Pyo, Py, and Py re- 
spectively, then all close-packed arrangements re- 


quire Pyo+Py.tPy—1. Simple computation 
shows that these values are related to p, and p,. as 
stated in table I. (Small terms are omitted in the 


V 


Fig. 6—(above) Intensity factor I’ when h-k = 
3n + 1 is averaged with h-k = 3n - 1, as in 
twinned FCC grains. 


Fig. 5—(left) Distribution of intensity factor I’ 

along row of reciprocal lattice for stacking dis- 

orders p, in a FCC crystal for h-k = 3n 4+ 1 
(hexagonal axes). 


In the FCC case the Fourier coefficients have the 
value 


Wi ee Piece Pee eine eer Py- e!2m (tk) /8 
and these predict the intensity I,;, along the rows 
of points in reciprocal space through the relation 


—— 2 12, 
ie ae ne eee 


where K is a constant, W,;, is the structure factor 
for the layer, h and k are the Miller indices of the 
row, and the coordinate z may have any integral or 
nonintegral value. From this equation it follows 
that there are no rods along the reciprocal lattice 


Table I. Probabilities for Positions of Planes M Layers rows of points for which h — k = 3n, where n is 
Apart in Terms of p, and p. any integer, but when h — k = 3n=+1 there are 
rods parallel to z in the reciprocal lattice with 
HM Pwo Puy Pu- intensities along the rods given by 
Od ) ) Tine = K Vine Su (3Py0—1) cos 2nMz = No Sa 
io 30. Dy : Po — i —= = ae 
2 20,0. pee D2 (Py- Py_) sin 27Mz K Wax 
Spe 3P1°"Do 3D1Po 
4 6p,°Ps* fone i ee s Fig. 5 is a plot of the function I’ with different 
5 5DyP2tt5P1'P2 10p; Pa Pa tov Pa UP values of the probability p, for h—k = 3n 
% 6 pp e+20p,3p,*+p,° 15p,?po'+6p,P» 15p,49.°+6p,Po° : : 
7 21p,2p,5421p,°p,2 7pipe+35p,4p.2+p," | p,+350,2p,/+7,°P, + 1, and with z extending throughout one 
8  8p,7p5+70p,!p4+8p,p2"| 1°+567,97°+28p,%p.7| p,8+56p,°p,°+28p,°p.° unit cell of the reciprocal lattice, e.g., from 
9 p°+84p,°p8+ .... Ly a a 36py"D 2+ .. +006 10-0 to 10-2 in an HCP cell or from 10-0 to 
ie 45D, 8084. seen py °+120py"P,% -.-- 10py Dot «+++. 10-3 in a three-layer cell (“R”’). As p; ap- 


last two rows). These probabilities in turn deter- 
mine Fourier coefficients W,,” from which may be 
computed the contribution of the pairs of layers M 
spacings apart to the intensity of X ray scattering. 


proaches 1.0 from the value for random stack- 
ing, the peak at z = % moves toward z = 1/3 and 
increases in sharpness and intensity; on an X ray 
pattern this corresponds to an intensity maximum 
along a streak moving from a position at a Debye 
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Fig. 7—(above) Pattern of alpha + kappa (Cu- 
5.12 pet Si) quenched and abraded after re- 
crystallization at 820°C. 


Long non-Laue streaks with non-FCC maxima. 


ring for HCP packing to a position at a ring for 
FCC packing. The curves for h — k = 3n — 1 are 
identical with those plotted in fig. 5 if the z co- 
ordinates are reversed, running from 1 on the left 
to 0 on the right. 

If in each grain there are twins so that there are 
about as many regions with p, having a certain 
value as there are with p, having that value, the 
scattering from the grain as a whole is the average 
of h — k = 3n — 1 and h — k = 38n + 1, giving 
the curves of fig. 6. As the grain becomes more per- 
fect the intensity maximum splits into two peaks 
which sharpen as they approach z — 1/3 and 2/3, 
which are FCC reflections having hexagonal indices 
01-1, 10-2, 20-1, 02-2, 01-4, 20-4, 10-5, 02-5, etc. in the 
rhombohedral cell, three layers high, that is iden- 
tical with the FCC cell. 

In the patterns of alpha-phase alloys the streaks 
appear about as expected from this theory with 9, 
having a value in the neighborhood of 0-8 to 0-9 in 
some portions of the grains, thus indicating one or 
two faults per 10 atom layers in the faulted regions, 
but with other regions apparently remaining per- 
fect FCC and superimposing strong sharp spots on 
the streaks. 

The X ray technique used in this study permits 
qualitative and semiquantitative studies of faulting 
to be made convéniently, but not precision quan- 


Fee 


Fig. 8—Pattern of Cu+5.39 pct Si alloy. 


Recrystallized as kappa at 600°C, heated 1 hour at 750°C (alpha + 


kappa), quenched and abraded. Streaks and gamma maxima. 


titative measurements such as are needed for Zach- 
ariasen’s Fourier analysis of disorder,“ or for com- 
parison with Wilson’s-computations.* 

The Streaks in Alloys Containing Kappa and 
Alpha: Many streaks in the diffraction patterns of 
alloys that contain both alpha and kappa phases 
are different from those discussed in the previous 
section. (These alloys are subject to a very sluggish 
eutectoid decomposition below 552°C). The streaks, 
instead of being short spikes extending out in one 
or more directions from alpha spots, are very long, 
as, for example, in fig. 7, and are either nearly uni- 
form in intensity throughout their length or have 
diffuse maxima on them at diffraction angles cor- 
responding to neither the FCC nor the HCP phase. 
They pass through one or more of the spots 10-1, 
10-2, 10-3, 10-4, and 20-3 of the HCP phase, but have 
a diffuse minimum of intensity at these spots rather 
than a maximum; they also pass through FCC spots 
but show neither a pronounced maximum nor a 
minimum near these spots. The streaks extend in 
the same directions as the shorter streaks discussed 
earlier, suggesting stacking errors on (111) FCC 


planes as the cause. Fig. 7 was prepared from a _ 


quenched sample containing 5.12 pct Si that was 
polished mechanically and etched. Still more pro- 
nounced maxima on the streaks were obtained when 
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a quenched 5.39 pct Si alloy was polished and etched 
(fig. 8). 

The distribution of intensity in reciprocal space 
is indicated roughly in fig. 9. It appears impossible 
to account for the position of the pronounced 
maxima on the streaks with any curve of the family 
plotted in fig. 6. The maxima more closely agree 
with the reflection positions for the gamma phase 
than either the alpha or kappa phases, but the ex- 
ceptionally strong lines that are listed for gamma” 
lie %° to 2° from the intensity maxima on the 
streaks. It is very likely that the phase causing 
these maxima is a transition structure rather than 
the equilibrium gamma; it will be referred to as 
gamma’. 

The position and diffraction angles of the gamma’ 
maxima show that this phase is related in orienta- 
tion and structure to both kappa and gamma. The 
directions of the streaks and their alignment with 
the alpha and kappa spots imply that the gamma’ 
phase has important atom layers parallel to (00-1) 
of kappa and (111) of alpha, and that they are 
coherent with these planes, matching them in 
atomic array or in a multiple of the array. Pre- 
sumably these layers are arranged with frequent 
stacking errors which cause the streaks. It is evi- 
dent that the gamma’ is accurately oriented with 
respect to the kappa, for the streaks from the 
gamma’ are invariably aligned with spots on the 
kappa Debye rings; the streaks also pass through 
alpha spots. In fig. 8 each 10-1 kappa spot (@ = 
23.3°) lies on a streak containing maxima at 22.5° 
and 24.1°. Equilibrium gamma has the three strong- 
est reflections at 21.8°, 23.0° and 24.3° with (h’? + 
k? + I’) values equal to 9, 10 and 11 respectively.” 
There are similar pairs of maxima connected with 
kappa 10-3, 20-3 and 12-1 spots.* 


* The pattern resembles somewhat the spots with ghosts (wings) that 
were obtained by Daniel and Lipson in the alloy CusFeNis as a result 
of periodic variation of the lattice spacing, the period increasing with 
the length of annealing in the range where the FCC matrix decomposes 
into two FCC phases of different lattice dimensions. The diffuse maxima 
in the present alloys, however, are spaced at different distances from the 
’ matrix spots of the different HCP Debye rings, being particularly widely 
spaced and diffuse around 10.2; therefore, they cannot be accounted for 
_ by assuming either periodic variations in spacing or in composition; fur- 
thermore, the intensities of the diffuse maxima do not vary with order 
as expected by periodic disturbance theories. 


Much more complete data would be necessary for 

a rigorous analysis of the structure of gamma’, but 

the present experiments lead to the conclusion that 

(1) it is a metastable phase that does not form with 

spontaneous eutectoid decomposition during long 

annealing; (2) it is produced by straining alpha 

plus kappa alloys, as is discussed later, presumably 

“by the gliding of close-packed layers parallel to 
themselves; (3) it exists in coherence with alpha 

and kappa, with atomic matching at the interface 
and with exact orientation with respect to these 
phases; (4) it produces diffraction effects of the 
general type to be expected of a phase with fre- 
quent stacking errors, and (5) when initially 
formed by plastic straining its composition must be 
_ essentially that of the matrix from which it forms, 
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not of equilibrium gamma, since there has been op- 
portunity for negligible diffusion. 

Production of Faults: A large number of experi- 
ments were conducted to determine the factors that 
control the production of faults in the Cu-Si alloys, 
using the presence of streaks on the oscillating 
sample patterns as the criterion for the presence 
of faults. 

Quenching. Quenching in water from 820°C pro- 
duces abundant faults in 5.39, 5.12, and 4.91 pct Si 
alloys, very few in the 4.17 pct Si alloy, and none 
in the 2.94 and 0.96 pct Si alloys. The faults are 
detected by X raying the samples not only after 
light etching, but also after etching until the- 
quenched samples are reduced 40 to 50 pct in thick- 
ness. Fig. 2 illustrates the streaks that are typical 
of the quenched alloys. The FCC spots frequently 
have more than one streak radiating from them, 
indicating that a single alpha grain has faults on 
more than one set of the {111} planes. This would 
be expected from the microstructure of faulted 
alpha or of alpha plus kappa alloys, which show 
markings or bands on various {111} planes in nearly 
every alpha grain. 

Several experiments on samples consisting purely 
of kappa (5.5 pct silicon) failed to produce faults. 
Strain markings in the microstructure are also ab- 
sent or very rare in these. All alpha alloys that 
show streaks on the X ray films were supersaturated 
with silicon when quenched to room temperature 
(see fig. 1). 

In control. experiments with cold rolled samples 
annealed at 820°C and cooled in air, no streaks are 
found with alloys of 0.96, 2.94, 3.77, 4.17, 4.59 and 
4.91 pct Si. Only occasional streaks are found in 
5.39 pct Si alloys; these may be residual from earlier 
conditions in the samples. Cooling faultfree samples 
of 4.17 pct silicon to —195°C without straining 
them produces no streaks; this indicates that the 
production of faults cannot be ascribed to a spon- 
taneous precipitation or a martensitic transforma- 
tion. 

Since quenching is known to cause plastic flow 
in polycrystalline samples it was suspected that the 
role of quenching was merely that of introducing 
plastic deformation in the samples while in the 
supersaturated condition, so a number of tests were 
made on the effect of deformation on slowly cooled 
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Fig. 10—Strain markings in Cu-Si alpha alloys quenched from 820°C after recrystallization. 


Electropolished after mechanical polishing, etched with hydrogen peroxide—potassium hydroxide—ammonium hydroxide reagent. (a) 
0.96 pct Si x 150; (b) 4.17 pct Si x 200; (c) 4.91 pct Si x 200; (d) 5.12 pct Si x 250...Reduced one fourth in reproduction. 


samples. The results reported in the following sec- 
tion confirm this view of the role af quenching.* 


* Another possible theory was also considered but disproved; namely, 
that faults are spontaneously induced by thermal agitation, the number 
increasing as the annealing temperature is raised, many being retained 
when the specimens are quenched but-most being lost by diffusing out 
during slow cooling. The following experiments disprove this theory. 
Samples containing 4.91 pct Si were first cold rolled, then recrystallized 
by annealing at 820°C for 15 min. A sample quenched in water after 
this annealing was found to contain many faults, and a sample-cooled in 
still air was free of faults. Yet when a quenched sample, containing 
faults, was reheated to 850°C, annealed for 5 min., and cooled at ap- 
proximately half the rate used for the air cooled sample, it was found 
to contain faults in quantities closely resembling the quenched sample, 
proving that faults are not lost during cooling. A similar experiment on 
a 5.39 pct Si sample gave the same result. 


Plastic Deformation. A clear proof that faults are 
introduced by plastic flow was obtained in an 
experiment illustrated by fig. 3. A sample contain- 
ing 4.17 pct silicon that was recrystallized and 
slowly cooled was found to be fault-free, showing 
no streaks other than the Laue streaks from general 
radiation (fig. 3a). This sample was lightly ham- 
mered while immersed in liquid nitrogen, and 


though the plastic deformation thus introduced 
caused only slight blurring of the spots, moderately 
intense streaks were then found on the patterns 
(fig. 3b). The streaks radiated out from the alpha- 
phase spots, usually in several directions, indicating 
faulting on more than one set of {111} planes. A 
subsidiary experiment showed that immersion in 
liquid nitrogen in the absence of cold work did not 
generate faults. 

Very prominent streaks, indicating profuse fault- 
ing, are obtained not only by hammering at low 
temperatures, but also at room temperature, and in 
some alloys also hammering at elevated tempera- 
tures—provided the alpha phase is supersaturated. 
In the 4.17 pct alloy of fig. 3 it was also found that 
straining by impact is not necessary, for faults were 
introduced when a sample was reduced 3 pct in 
thickness by slow compression at room temperature, 
and when samples were slowly compressed 5 and 
18 pet. 


Profuse faulting is obtained also by abrasion on 
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emery paper and by mechanical polishing. This is 
illustrated by fig. 7 and 8, which show the streaks 
obtained in 5.61 and 5.39 pct silicon alloys after 
quenching, then rubbing on emery paper, and 
lightly etching. Quenching alone does not produce 
streaks as intense as these. 

The variation of faulting tendency with composi- 
tion and with deformation temperature was studied 
in a series of tests in which deformation was carried 
out by hammering samples at different tempera- 
tures. No precision can be claimed for this series, 
since the number of spots with low indices was not 
large, the grains were not uniform in their reaction 
to the stress, the strains were not uniform, and some 
grains may have recrystallized into a fault-free 
state during cooling even when cooling commenced 
immediately after straining. It was possible, never- 
theless, to evaluate the general faulting tendency 
by discarding films in which the spots indicated that 
the sample had received either too little or too much 
deformation for proper visibility of the streaks, or 
had apparently recrystallized, or was of unusually 
small grain size. 

The tendency to faulting is strongly dependent on 
composition. No X ray evidence of faults was ob- 
tained in any experiments on alloys containing less 
than 4 pct silicon. Alloys of 0.95, 2.94 and 3.77 pct 
silicon showed none, but faults were observed with 
alloys of 4.17, 4.91, 5.12 and 5.39 pct silicon. As the 
silicon content increased above 4 pct the faulting 
became more prominent in the single phase alpha 
alloys. The two phase alpha plus kappa alloys 
showed prominent faulting, but pure kappa showed 
none. The range of silicon content of alloys sus- 
ceptible to faulting as judged by the X ray tests 
lies between about 4.0 and 5.4 pct. 

The susceptibility of the alloys to faulting roughly 
parallels an important feature in their microstruc- 
ture, namely, the number of straight lines, “strain 
markings,” that are visible in the microstructure. 
Fig. 10 illustrates the progressive change in micro- 
structure as alpha-phase alloys increase in silicon 
content; low silicon alloys are relatively free from 
internal lines in the grains except for the usual 
broad annealing twins, but the number of lines in- 
creases as the alloys become richer than 4 pct and 
reaches a maximum in the richest alpha composi- 
tions. The lines are similar in appearance to the 
bands in the banded alpha plus kappa structure, and 
to thin deformation twins, and lie on the close- 
packed {111} planes of the face-centered cubic solid 
‘solution. Because of this and the fact that they can 
be produced by deformation it is safe to conclude 
that they represent a modification of the normal 
stacking of matrix planes, for this would be true 
either if they were clusters of faults, lamellae of 
kappa, transition precipitate, twins, or locally dis- 
torted metal along slip planes. (Since the number 
per grain is orders of magnitude smaller than the 
number of faults necessary to cause the streaks that 
are seen in diffraction patterns it is clear that they 
are not individual faults). It can be concluded that 
when the matrix readily tolerates a rearrangement 
that produces these lines it also tolerates rearrange- 
ment in the form of stacking faults; the matrix 
stacking sequence can be modified without appre- 


ciably increasing either interface energy or internal 
energy. 

The tendency to faulting as a function of the tem- 
perature at which various samples were deformed 
may be judged from the results plotted in fig. 11. 
No X ray evidence of faults is found when alloys 
are deformed within the stability range of the alpha 
solid solution; some degree of supersaturation seems 
to be required. For example, 4.17 pct silicon samples 
show no fault-streaks on X ray patterns when ham- 
mered at 550°C or 350°C but show many when de- 
formed at 20° or —195°C. This composition be- 
comes supersaturated below about 475°C. The 
alpha phase of all two-phase alloys was probably 
slightly supersaturated during deformation, since 
the wrapped samples dropped, a few degrees in 
temperature during hammering outside of the fur- 
nace. 

The streaks on the films are short spikes running 
out from alpha spots for alloys having less than 
about 5.0 pct silicon; long streaks make their ap- 
pearance in the richer alloys, often together with 
short streaks. Long streaks are obtained with 
samples that contain alpha plus kappa, which are 
samples that would undergo eutectoid decomposi- 
tion at a slow rate. None of the treatments pro- 
duced faults in the pure kappa alloy of 5.5 pct 
silicon even though this, too, contained a suppressed 
eutectoid transformation at many of the deforma- 
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Fig. 11—Summary of type of X ray diffraction streaks 
obtained when various alloys are deformed by ham- 
mering at the temperatures indicated. Z 


Short streaks are ascribed to faulted alpha, long ones to faulted gamma’. 
The phases present in the samples when deformed are indicated. 
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tion temperatures used; repeated tests were made 
with deformation at 600°, 20° and —195°C. The 
absence or near-absence of strain markings. in this 
alloy again points to the close relation between 
X ray evidence of faulting and strain markings in 
the microstructure. 


The Removal of Faults: There are many experi- 
ments in this series which prove that recrystalliza- 
tion removes faults from alpha-phase alloys. Re- 
gardless of the prior thermal or mechanical history 
of a specimen, if it has been cold worked, recrystal- 
lized, and slowly cooled within the alpha phase 
range it is found to be free or nearly free from 
X ray evidence of faults. On the other hand, some 
annealing treatments did not result in fault-free 
material. These included some annealing treat- 
ments in the two-phase regions of the phase dia- 
gram (see the following section). Another example 
was the annealing of a 4.91 pct silicon sample that 
contained faults from quenching; these persisted 
throughout a 1% hr anneal in the alpha phase range 
at 750°C and slow cooling from this temperature. 
It is suggested that the mechanism for fault re- 
moval is the sweeping of grain boundaries across 
the faulted grains, and that in the absence of grain 
growth or recrystallization there is no fault re- 
moval. 


The Effect of Annealing for Segregation: Since 
the introduction of a fault into the alpha phase 
transforms a thin layer either to kappa or to 
gamma’, it might be anticipated that there would 
be a tendency for diffusion to alter the composition 
of the fault with respect to the surrounding matrix. 
It appears possible to test this by annealing faulted 
material, allowing segregation to occur without 
permitting recrystallization or appreciable grain 
growth. The experiment is possible owing to the 
lack of coalescence of faults and the lack of spon- 
taneous generation of faults during annealing. If 
segregation does occur, it would be expected to in- 
crease the intensity of the streaks on the X ray 
films. 

An apparent confirmation of this theory was 
obtained with an alloy of 5.39 pct silicon, for streaks 
that were very weak were obtained after a sample 
was recrystallized, then quenched from 750°C, and 
finally reheated to 750° for 5 min and slow cooled 
(fig. 12) but after the same sample had been further 
annealed at 750°C for 3 hr the streaks were intense 
(fig. 13) and were visible at nearly every alpha 
spot, though the relative proportions of the phases 
and the grain size appeared to remain substantially 
unaltered. This result was confirmed with another 
specimen, which after quenching from 750°C 
yielded negligible streaks, but after a subsequent 
annealing for 8 hr at 750°C produced moderately 
intense streaks. 

When an alpha phase alloy of 4.91 pct silicon was 
quenched from 820°C to produce faults, subsequent 
annealing of 1% hr at 750°C did not increase the 
intensity of the streaks. This indicates that anneal- 
ing within the alpha solid solution range does not 
lead to segregation on the faults. 

- Segregation appeared also to intensify the long 
streaks that occurred with alpha plus gamma alloys; 
faulted samples that had been aged one week at 
room temperature or 82 hr at 500°C yielded streaks 


that were perhaps the most intense of any obtained 
in these tests. 

Spontaneous eutectoid decomposition produced 
no evidence of faulting. For example, faults were 
not detected in a 5.5 pct silicon alloy that had been 
slowly cooled from above the eutectoid and an- 
nealed 4 days at 525°C so as to be decomposed to 
alpha plus gamma, and they were absent also in a 
5.39 pct silicon alloy that was annealed at 525°C 
for two weeks, also fully decomposed. Shorter heat 
treatments of this type also gave negative results 
(370°C for 20 hr, 500°C for 17 and for 48 hr, with 
the 5.39 pct alloy) but it is possible that some 
critical treatment might give positive results. 


Precipitation of Alpha from Kappa: It was ex- 
pected that faults would be numerous if the kappa 
phase was heated so as to precipitate alpha with the 
characteristic banded microstructure. This, how- 
ever, was found not to be the case; precipitation 
produced negligible faulting compared with quench- 
ing or deforming, as judged by the following experi- 
ments. 

Samples from the 5.39 pct Si alloy were cold 
rolled to a reduction of thickness of 25 to 35 pct, 
annealed 1 hr at 590°C, and cooled in air. In this 
condition they consisted almost entirely of kappa, 
with only a trace of alpha, and exhibited almost no 
streaks from faults when X ray patterns were pre- 
pared. There continued to be no more than occa- 
sional faint streaks on the patterns when these 
samples were introduced into a furnace controlled 
at a temperature in the range of alpha precipita- 
tion,. held-at 750°C. for*1, 5; 155-75, and 1802muin; 
and air cooled in copper foil. After these precipita- 
tion treatments the alloys consisted of alpha and 
kappa in roughly equal proportions. A sample of 
this series introduced into a furnace at 820°C, 
brought to temperature, and immediately air cooled 
also yielded no streaks, though even this short time 
of heating transformed roughly a third of the 
sample from kappa to alpha (fig. 14). Had an ap- 
preciable amount of faulting occurred early in the 
precipitation process all of the specimens just men- 
tioned should have yielded patterns with prominent 
streaks, for supplementary experiments show that 
faults can survive annealing for hours at 750°C, 
and micrographie studies” have shown that banded 
alpha plus kappa structures persist for hundreds of 
hours at this temperature. 


Precipitation of Kappa from Alpha: A negligible — 
amount of faulting was found after precipitation of ~ 


kappa from alpha during air cooling. Specimens 


containing 5.39 pct Si were cold worked and an- 3 


nealed at 820°C, which made them preponderantly 


alpha, then slowly withdrawn from the furnace and 


air cooled, the cooling time to 100°C being about 
5 min. One of these showed no definite streaks from 


faulting; the other showed a few very weak streaks 
associated with about one out of ten of the well 


exposed spots on the inner diffraction rings (fig. 15). 


(One may credit the traces of faulting to a failure 
to cool slowly enough to avoid faulting from 
quenching or to residual faults not removed by 
annealing prior to the cooling.) That the heat treat- 
ment actually caused a substantial amount of pre- 


cipitation was made clear by comparing the patterns — 


from these specimens with the pattern of a speci- 
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Fig. 12— 
Pattern of 
Cu+5.39 pet Si. 
Recrystallized at 
600°C, quenched 1 hr 


750°C, quenched 5 min. 
750°C, air cooled. 


Fig. 13 — Sample 
of fig. 12 after 
additional 3 hour 
anneal at 750° 
and air cooling. 


Fig. 14— 
Kappa alloy. 


5.39 pct Si recrystal- 
lized at 600°C and 
fault-free, heated for 
alpha precipitation to 
820°C and slowly 
cooled. 


Fig. 15— 
Alpha alloy. 


5.39 pct Si recrystal- 

lized at 820°C, slowly 

cooled for  precipita- 
tion of kappa. 


_men of the same composition that had been 
- quenched from the same annealing temperature. 
The slow cooling had increased the amount of kappa 


* sample. 


Discussion of Results 


- The present experiments provide what is believed 
to be the first direct evidence of stacking disorders 
generated during plastic deformation of metal 
erystals. There has previously been only indirect 
' evidence, such as that furnished, for example, by 
~ electron diffraction, that tapping an aluminum 
crystal destroyed Kikuchi lines without producing 
‘visible slip planes,” and other observations, men- 
__tioned early in the paper, that admit of other inter- 
_-Pretations. 


Fault Spacings: Metallographic data would not 
indicate that faults would occur in the great num- 
bers and the close spacing that is necessary to pro- 
duce visible X ray diffraction streaks. Even if one 
assumes that faults are left on an appreciable frac- 
tion of the active slip planes’ and uses the electron 
microscope data for the closest spaced slip planes 
that have been measured, namely, 200 A, as ob- 
served in aluminum by Heidenreich and Shockley,’ 
the faults would be an order of magnitude farther 
apart than those found in the present research, 
where faults every 5 to 10 layers are common. The 
discrepancy between the spacings of faults in the 
present research and the spacings of slip lines that 
have been observed in copper and brass is even 
greater. If the interpretation of the Cu-Si X ray 
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films is correct, the individual faults could not be 
seen metallographically, and strain markings are 
to be accounted for by clusters of faults, by some 
distortion, or by precipitation along slip planes. 

Since sharp spots are located on the streaks in the 
diffraction films it is concluded that there are por- 
tions of each grain that are relatively perfect, and 
that the distribution of faults is very uneven. This 
applies to faults of the type found below 5.0 pct 
silicon, and also to the type found between 5.0 and 
5.4 pet silicon (the gamma’ type), and suggests 
again that the strain markings involve clusters of 
faults. In the discussion of the two types of streaks 
observed with alloys of varying silicon content it 
was pointed out that with alloys richer in silicon 
than 5.0 pct the intensity distribution along the 
streaks is not as predicted by the computations 
based on table I. As the computations should apply 
only to crystals in which each layer is influenced as 
to position by nearest neighboring layers and layers 
two spacings distant, it may be concluded that more 
distant layers interact and influence 
the distribution of faults in the 5.0- 
5.4 pet silicon range. 

Faulting vs. Stress for Flow: Per- 
haps the production of faults ac- 
counts for strain hardening being so 
marked in Cu-Si alloys, especially 
in the higher silicon alloys, when 
compared with Cu-Ni, Cu-Zn, and 
Cu-Al alloys on an equal atomic per 
cent basis,” fig. 16; and the fact that 
the indentation hardness increase per 
one atomic per cent dissolved silicon 
is greater than the increase in these 
alloys even though the change in lat- 
tice parameter per atomic per cent 
added element is less in silicon than 
in any of these.” The unusually rapid 
strain hardening of Cu-Si alloys is 
also apparent in stress-strain curves 
of material that has been rolled to 
various reductions.” 

The stress at which the stress-_ 
strain curves deviate from a straight 
line is unusually low when compared with Cu-Zn 
and Cu-Sn alloys, though all these require about 
the same stress for 0.002 pet permanent set.” This 
is ascribed to the ease of glide into the faulted posi- 
tion that would be anticipated when the faulting 
tendency is high. 


Faults and the Hardening of Latent Slip Planes: 
Recent research on alpha brass crystals by Maddin, 
Mathewson and Hibbard™ shows that strain hard- 
ening and X ray evidence of lattice distortion are 
absent when slip is confined to a single set of par- 
allel slip planes, or to two nonparallel sets of planes 
that use a common slip direction, whereas both 
strain hardening and distortion become marked as 
soon as slip commences on planes having a different 
slip direction. Thus when glide has to cut through 
previously slipped regions in directions different 
from the slip direction previously used, the result- 
ing disruption of the structure is severe. This may 
be understood in terms of faults left at the sites of 
the active slip planes, for faults in the FCC lattice 
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that result from slip in one slip direction should not 
interfere with slip on parallel planes, but would 
leave atoms at positions that one would expect 
would interfere with slip on planes cutting across 
these.” The low strain hardening characteristics of © 
hexagonal single crystals compared with face- 
centered cubic single crystals can be explained in 
the same way, for faults that result from slip on a 
basal plane should have little if any effect on slip 
on other basal planes. 

The differing tendency in different alloys to 
harden latent slip planes seems likely to be caused 
by the differing faulting tendency. If so, this latent 
slip plane hardening should be a maximum in 
crystals of Cu-Si near the maximum solubility limit. 


Faults and Annealing Twins: For over twenty 
years the question of whether FCC metals twin 
during deformation has been discussed.*®* 7 
Mathewson and his coworkers have shown the at- 
tractiveness of the concept and have used it to ex- 
plain various metallographic and texture observa- 
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Fig. 16—Brinell hardness of copper-base alloys, after Norbury. 
Hardness expressed as log a + m from the expression L = a d” where L is applied load pro- 


ducing indent of diameter d. 


tions. There has been objection on the basis that no 
mechanism is obvious by which a thick deformation 
twin can form,’ but the objection does not apply to 
faults, which have been regarded as very probable. 
Recent experiments of Kronberg and Wilson” and 
the recent contributions from Yale University”. 7 
lend additional indirect support to the concept that 
deformation leaves faults and to the conclusion that 
faults are intimately associated with the origin of 
annealing twins. Kronberg and Wilson find, for 
example, that twin-free cubically aligned grains 
when lightly cold worked will recrystallize into 
grains containing many twins. (This experiment 
has been repeated and confirmed by the author.) 
And it is found that annealing twins have composi- 
tion planes parallel to the slip planes that have 
been active during deformation,” as if conditions in 
a slip band were appropriate to nucleating an an- 
nealing twin. The present results seem to leave no 
more room for doubt that deformation can intro- 
duce faults into at least some alloys. 


Evidence is increasing that annealing twins can 
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originate when a growing grain encounters material 
in twin or near-twin relationship to the orientation 
of the growing grain. The author has observed the 
reluctance of such material to be absorbed into 
growing single crystals of iron;* in recent experi- 
ments in this laboratory J. E. Burke has noted that 
annealing twins appear to originate in this way in 
copper, and J. B. Hess has noted that in gold, copper 
and Fe-Ni austenite, after grain growth there are 
large areas that are subdivided by twin boundaries, 
further evidence that grains in twin relationship 
are stable during growth. The list of observations 
could be extended. It therefore seems probable that 
annealing twins can originate when a moving grain 
boundary encounters a properly oriented fault or 
fault cluster, as well as a properly oriented grain. 
This point of view would account for the fact that 
the number of annealing twins in alpha Cu-Si alloys 
increases with silicon content because the number 
of faults increases. 


Summary 


Stacking disorders in Cu-Si alloys were detected 
and analyzed by diffraction patterns made with 
polycrystalline samples oscillating through small 
angles by noting the direction, length, and intensity 
of non-Laue streaks. 

Quenching or cold working supersaturated Cu-Si 
alloys in the range 4.0 to 5.4 pct Si introduces 
numerous faults in stacking, the faults occurring at 
intervals that reach a minimum of between five and 
ten atomic layers of the face-centered alpha solid 
solution. The faults are on the close-packed (111) 
planes of the lattice. This is believed to be the first 
direct proof of mechanically induced faulting of 
metals. The quenching is effective in fault produc- 
tion merely because it causes plastic strains. 

In two-phase alpha plus kappa Cu-Si alloys the 
faults are parallel to the basal planes of the kappa 
(hexagonal close-packed) as well as the (111) 
planes of alpha, because of the mutual orientation 
of the two. Straining alloys with silicon in the range 
5.0 to 5.4 pet produces a faulted phase (gamma’) 
which is metastable and different from equilibrium 
gamma; this phase is accurately oriented with re- 
spect to alpha and kappa and is probably coherent 
with alpha or kappa. The kappa phase has a negligi- 
ble tendency to faulting. 

' The spontaneous precipitation of alpha from 
kappa or of kappa from alpha produces little or no 
faulting. Thermal agitation during annealing near 
the solidus, cooling to —195°C and spontaneous 
eutectoid decomposition are also ineffective in gen- 
erating faults. fo 

Specimens can be made substantially fault-free 
by recrystallizing and cooling slowly. But faulted 
- material does not lose its faults during long anneal- 
ing unless recrystallization or grain growth occurs, 
just as the banded kappa plus alpha microstructure 


resists coalescence indefinitely owing to the low in- 


terface energy. 

The anomalously high strain hardening of solid 
solutions of Si in Cu may result from the faults and 
the abnormally frequent annealing twins in these 
alloys probably originate.in the faults. It is sug- 
gested that the relative hardening of latent slip 
planes may correlate with faulting tendency. The 


frequency of strain markings in micrographs cor- 
relates with the faulting tendency, though the faults 
are orders of magnitude closer to each other than 
are the visible strain markings. 
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Undercooling of Minor 


Liquid Phases in Binary Alloys 


by Chih-Chung Wang 


and 


Cyril Stanley Smith 


URNBULL and his collaborators:* have de- 

veloped the theory of homogeneous nucleation 
as applied, inter alia, to solidification of liquid 
metals. Vonnegut’? and Turnbull* have shown that if 
a liquid metal is subdivided into small droplets a 
vast majority of them will undercool very consid- 
erably before solidification, generally to as low as 
about 0.8 of the freezing temperature on the abso- 
lute scale. The nuclei effective at small degrees of 
supercooling in bulk metal seem to be internal or 
surface heterogeneities, relatively small in number. 
If the metal is subdivided, those droplets that hap- 
pen to contain such nuclei will solidify at a tem- 
perature not greatly below the true freezing point, 
but only a small part of the whole volume will be 
affected and the majority of the drops will under- 
cool to the much lower temperature at which homo- 
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geneous nucleation occurs as a result of fluctuations. 

It occurred to one of the authors that an appro- 
priate subdivision to give effective freedom from 
random nuclei is produced during the solidification 
of many alloys that contain a minor amount of a 
phase of low melting point, and that one might then 
expect marked undercooling of the distributed 
phase. 


Experimental: The alloys selected for initial study 
were copper with minor amounts of lead and bis- 
muth, and aluminum with tin. In all these alloys, 
the major component freezes at a temperature not 
much below that of the pure metal, and there is 
little further change in constitution on cooling until 
the lower melting point constituent freezes in an 
almost pure state. 

Cooling curves were taken using the controlled 
heat flow method’ permitting approximate specific 


heats to be obtained. Chromel-alumel thermocouples 
were used, with the standard emf tables, since ex- 
treme precision was not needed. The crucible (% in. 
id, 5/16 in. wall) was made of B & W K-20 insulat- 
ing brick. It held about 10 cc of the alloy being in- 
vestigated. The cooling rate was 2.5° to 2.9°C per 
min under a controlled temperature difference of 
20°. Approximate specific heats were coniputed from 
the inverse rate curves together with data from a 
blank run and from a standard run with a copper 
cylinder of known heat capacity. 

The alloys for investigation were made from high- 
purity metals (99.99-+pct) and cast into graphite 
molds. The castings were machined to fit the cru- 
cible and to provide a hole for the inner thermo- 
couple. Cooling curves were taken after heating to 
a temperature about 50° above the melting point 
of the minor, lower melting-point, constituent. 


Results 


The lead phase in an alloy of copper with 5 pct 
lead did not undercool more than 3° below the melt- 
ing point of lead (327°C) either as cast or after 
annealing to produce a new dispersion of the liquid 
phase. A copper-zinc-lead alloy with 23.75 pct zinc 
and 5 pct lead undercooled more but showed no 
thermal effect below 319°C. A cast alloy of copper 
with 5 pct bismuth undercooled to 249°C (M.P. bis- 
muth 271°C), but once solidification started it was 
completed at the same temperature. This was antici- 
pated, since the bismuth forms a nearly continuous 
phase between the grains of copper, and a solid 
crystal nucleated anywhere would rapidly* con- 


* The rate of growth of the solid will be greater than in massive 
undercooled metal because the thermal diffusivity of the matrix is much 
higher in relation to the amount solidifying and there will be little 
temperature rise due to latent heat. 


sume the entire network of liquid, unless the physi- 
cal continuity of the liquid were broken through 
volume changes, inadequate fluidity, or gas evolu- 
tion. Similar arguments apply in the case of copper- 
lead alloys, where the lead-rich liquid forms a net- 
work along grain edges, though not grain faces. In 
both cases there would be a few isolated particles 
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Specific Heat, cal/gram/°C 


The tin in an aluminum-tin alloy with 10 pct tin solidifies over a temperature 
range as high as 100°C. The tin is partly distributed in isolated droplets and the 
amount of undercooling depends on the chance presence of nuclei effective at various — 
temperatures in drops of varying sizes. Heat treatment affects the size distribution 


and modifies the cooling curve. Similar behavior is to be expected in any alloy where 


the liquid is physically discontinuous and where solidification is not nucleated by a 
previously solidified constituent. It is probably the cause of some spurious arrests that 
have been observed in cooling curves of simple alloys. 


of liquid which would undercool unless their solidi- 
fication were nucleated by the copper grains in 
which they are embedded, and it is assumed that 
this actually occurred. 

Aluminum-tin alloys with 10 and 20 wt pct tin 


‘did show the predicted behavior. 


An alloy with 10 pct tin (2.5 at. pct; 4.0 vol. pct) 
was cast, rapidly reheated to 285°C and cooled, giv- 
ing the specific heat curve shown in fig. 1. A sharp 
arrest corresponding to the solidification of about 
two-thirds of the tin occurs at 221°C, which cor- 
responds to undercooling of 8°C below the eutectic 
at 229°C. Smaller, less sharp peaks appeared at 199° 
and 167°C, and solidification was not complete until 
159°C. After the alloy had been given a prolonged 
anneal (8 hr at 480°C and furnace cooled) the high- 
est temperature peak in the specific heat curve was 
greatly decreased in area, while the lower ones in- 
creased, and a third much smaller one appeared at 
151°C (fig. 2). The total integrated heat due to the 
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tin was about the same in all samples and corres- 
ponded to a latent heat of 15.4 to 16.3 cal per g of 
tin. 

The cooling curve for a given sample was repro- 
ducible on subsequent reheating and cooling, but 
different samples gave curves differing in detail but 
alike in general features. The greatest degree of 
undercooling observed in any sample was 99°C (to 
130°C), compared with 110°, the maximum ob- 
tained by Vonnegut. 

The details of these curves depend upon the pres- 
ence of nuclei of varying effectiveness (a function 
of their particular size, shape, and surface struc- 
ture) and the actual distribution of these nuclei 
among particles of tin of various sizes, which de- 
termines how much tin will be solidified by a given 
nucleus. The character of the nuclei is more or less 
beyond control, but the distribution of the tin is 
strongly influenced by thermal history. The differ- 
ence in behavior of the alloy after annealing is 
easily understood from its microstructure (fig. 3 and 
4). In the casting the liquid tin exists largely in the 
form of a continuous interdendritic network, while 
on annealing it collects under the influence of sur- 


Specific Heat 


Temperature °C 


Fig. 2—Specific heat of same alloy as fig. 1, cooled after 
annealing 8 hours at 480°C. 


Total latent heat 15.4 cal per g. 


Fig. 1—(left) Apparent specific heat derived from 
cooling curve of cast 90-10 Al-Sn alloy. 


Total heat evolution due to tin solidification 16.3 cal per g of tin pres- 
ent in the alloy. 
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face tension into isolated droplets, with a relatively 
small amount retained in the continuous network 
along grain edges. 

For comparison with these alloys, an additional 
sample of the same shape, weight, and average com- 
position was made synthetically by symmetrically 
drilling three 3/16 in. holes in a cylinder of pure 
aluminum, and setting therein three separate pieces 
of pure tin of appropriate weight. The resulting 
cooling curve, shown in fig. 5, clearly shows arrests 
corresponding to each of the three pieces, which by 
chance had tramp nuclei effective at different tem- 
peratures. The curve was duplicated on remelting 
and again cooling. It is easy to see how, with in- 
creased subdivision of the tin, the arrests integrate, 
as in fig. 2, into a small increase of specific heat 
spread over a large range of temperature. 

These experiments suggest that the solidification 
of castings of alloys may be greatly extended, per- 
haps occasionally with unpleasant practical results. 
They provide a possible explanation for the spurious 
and multiple arrests in cooling curves that have 
been puzzling in the past, particularly the drop in 
eutectic or peritectic temperature often observed in 
cooling curves of alloys as the amount of liquid 
present at the solidus temperature decreases. With- 
out a mechanism similar to the one proposed, the 
duration of the arrest should decrease, but not the 
temperature at which it occurs. 

Undercooling will not occur to an abnormal ex- 
tent when the liquid is a major part of the alloy or 
when the details of solidification mechanism cause 
the liquid to be retained as a continuous network, 
neither can it occur when one of the previously solid 
constituents of the alloy serves as a nucleus for final 
solidification of the residual liquid. 

It is possible that solid phases may behave sim- 
ilarly and fail to transform at normal temperatures 
when distributed in fine particles. For example, iron 
can be partially retained in the austenitic condition 
on quenching a two-phase copper-rich alloy of cop- 
per and iron. Generally, however, the interface be- 
tween two solid phases will itself serve to nucleate 
any possible transformation in either, and statistical 
volume-dependent nucleation is rarely involved. 


Summary 


The tin in an aluminum-tin alloy with 10 pct tin 
solidifies over a temperature range as high as 100°C. 
The tin is partly distributed in isolated droplets and 
the amount of undercooling depends on the chance 


Fig. 3 (left)—Microstructure of 

cast 90-10 Al-Sn alloy. X150. 

Fig. 4 (right)—Same as fig. 3, 

after annealing 8 hours at 480°C. 
X150. 


presence of nuclei effective at various temperatures 
in drops of varying sizes. Heat treatment affects the 
size distribution and modifies the cooling curve. 
Similar behavior is to be expected in any alloy 
where the liquid is physically discontinuous and 
where solidification is not nucleated by a previously 
solidified constituent. It is probably the cause of 
some spurious arrests that have been observed in 
cooling curves of simple alloys. 
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Fig. 5—Apparent specific heat curve obtained from 
composite specimen. 


Cylinder of aluminum with three lum i i 
ie x ps of tin, having same average 
composition as alloy in fig. 1. Total latent heat 15.8 cal per g of tin. 
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Aging Behavior of a Zinc Alloy 


t 
4 Containing 25 pct Manganese, 15 pct Copper, 0.1 pct Aluminum 


HERE have been numerous examples in recent 
years of the similarity between aging behavior 
and diffusion behavior, where a plot of the loga- 
rithm of the aging rate versus the reciprocal of the 
absolute temperature yields an approximate straight 
line, analogous to a similar plot of the diffusion 
coefficient D (log D vs. 1/T). 
Austin and Rickett* have pointed out that this 
linear relationship holds empirically for the de- 
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composition of austenite into pearlite and bainite 
in carbon steels, and Robertson’ has shown similar 
trends in the aging of 24S-type aluminum alloys. 
Jenkins and Bucknall* have also demonstrated the 
association between aging and diffusion rates for 
nickel-silicon-copper alloys. Jetter and Mehl,’ how- 
ever, have shown that the maximum rate of dila- 
tion of a series of aluminum-silicon alloys does 
not show this linear relation and Mehl’ has pointed 
- out that careful study of available knowledge in- 
dicates that “aging rates increase with tempera- 
ture approximately exponentially, whereas D in- 
creases precisely exponentially.” He further notes 
that “the rate of aging at a given temperature is 


by P. W. Ramsey 
and 
G. L. Werley 


__ Describes aging changes in Zn-25 pct Mn-15 pct Cu-0.1 pct Al experimental 
die casting alloy in temperature range 60-185°C. The exponential increase of 
aging rate with temperature is used in predicting lower temperature behavior, and 
the analogy between aging and diffusion behavior is noted. Q values derived from 
aging rate curves show some agreement, ranging from 18,400 to 21,200 cal per 

g atom for the various property changes studied. 


the greater the lower the melting point of the 
alloy, which is also true for D.’ 

This paper describes the aging changes occurring 
in a zinc-25 pct manganese-15 pct copper-0.1 pct 
aluminum die casting alloy.’ It was found that this 
alloy does show this linear relationship and use 
was made of this relationship to estimate aging 
rates at low temperatures from data acquired at 
elevated temperatures. It should be noted that the 
aging reaction is being studied only indirectly, 
using changes in certain properties as criteria of 
the progress of the phenomenon. This alloy is 
purely an experimental one and is not available 
commercially. 

‘Zinc-Manganese-Copper System: The zinc-rich 
portion of the zinc-manganese-copper diagram 
which is of significance in the present work is quite 
uncertain. X ray examination of the alloy as die 
cast shows a phase similar to the epsilon phase 
(hexagonal close packed) of the copper-zinc sys- 
tem. All of the data accumulated indicate that the 
epsilon phase of the zinc-manganese-copper alloy 
is stable at high temperatures; that is, 500°C or 
above. Below this temperature a new phase is pre- 
cipitated on annealing, and a decrease in specific 
volume occurs. At elevated temperatures this phase 


- change occurs quite rapidly, while at room tem- 


perature the alloy has shown no change after sev- 
eral years. According to X ray data, this precipi- 
tated phase resembles the gamma phase (cubic) 
of the copper-zinc system, a hard and brittle struc- 
ture. From examination of the microstructure and 
from X ray examination of the alloys annealed at 
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100°C, it appears that the gamma constituent is 
deposited at the grain boundaries. 

The microstructures of specimens annealed at 
300°C and below seem to indicate that at these 
temperatures an additional phase is codeposited 
with the gamma phase from the original epsilon 
phase, the precipitated structure having the ap- 
pearance of a eutectoid. 

The microstructures, as cast and after annealing 
at various temperatures, ‘are shown in fig. 1. _ 


Fig. 1 — Micro- 
structure of a 
zine alloy con- 
taining 25 pet 
Mn-15 pet Cu- 
0.1 pet Al. 


Aged at various tem- 
peratures. a. As _ die 
cast. X1000. Princi- 
pally cored e, small 
patches of Yy in cen- 
ter of some of the 
white e. b. Annealed 
16 hr at 500°C. X1000. 
Single € phase, slightly 
cored. c. Annealed 16 
hr at 400°C. X1000. 
Cored € with precipi- 
tate of vy _ phase. 

d Annealed 16 hr at 
300°C. X1000. Cored 
€ with Y precipitate 
partly in  eutectoidal 
structure. e. Annealed 
16 hr at 200°C. X1000. 
White € with beadlike 
y eutectoidal precipi- 
tate. f. Annealed 6 
mo. at 100°C. X1000. 
Cored € with fine bead- 
like y eutectoidal pre- 
cipitate. Etch: 10 pct 

(NH34)2 S2Os. 


Material and Preparation of the Alloy: The alloy 
was prepared from special high grade zinc, elec- 
trolytic manganese, electrolytic copper and primary 
aluminum, melted (m.p. 775°C) in an alumina 
lined crucible without a flux cover. Care was taken 
to prevent flue gases from contacting the melt. 
The alloy was pigged, remelted in an induction 
furnace in an alumina lined crucible, and die cast 
into tensile and impact bars in an experimental 
cold chamber type machine. Table I shows an 
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Fig. 2—The effect of aging 
on properties of a zinc 


alloy containing 25 pet 
Mn-15 pet Cu-0.1 pct Al. 


Annealed at various temperatures. 
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analysis of the die cast test bars. The alloy has a 
specific gravity of 7.47. 


Table I. Composition of the Zinc-Manganese-Copper- 
Aluminum Alloy 


Analysis—Weight Per Cent 
| Zn (by 


Alloy No. Mn Cu Al difference) 


N217 24.7 | 14.2 0.14 60.96 


Experimental Procedure and Results: Die cast 
test bars were aged in an oil bath at 185°, 165°, 
145 °s and 100°C, and. in air-at/185°5165°, 145°, 95° 
and 60°C. In the former series, groups of two tensile 
and five impact specimens were tested after various 
aging times, and in the latter series groups of five 
tensile and ten impact specimens were similarly 
tested. Pics 
—The contraction occurring during aging was 
measured on 6-in. impact specimens, having ma- 
chined ends, using a micrometer of sensitivity 1x 
10* in. In addition tensile properties, impact 
strength (Charpy), and hardness were obtained. 
Values shown represent the averages of five de- 
terminations, except for impact strength where ten 
bars were tested. 

Property-time curves were obtained for contrac- 
tion, impact strength, hardness, tensile strength 
and tensile elongation at aging temperatures of 


185°, 165°, 145°, 100°, 95° and 60°C. These curves 
are shown in fig. 2. 

A few data were also obtained on bars solution- 
annealed 24 hr at 500°C prior to aging, and a typi- 
cal curve for impact strength is shown in fig. 4. 

The mechanical properties of the alloy as cast 
are shown in table II. 


Table Ii. Mechanical Properties of the Zinc-Manga- 
nese-Copper-Aluminum Alloy, As Cast 
(Alloy No. N217) 


MehisMlerS tren gt Dempsieers ete breer harcin ais teic tase Chel. siainYerets stake tesayeleya chutes 90,800 
Miensile sk On oat tO tyats GE ate 1 Tis Pa) sve erect ets Potovaveo | ate%ay oNevous cloreaiel ial elo tiels 8 
Alnpact othene bin han piv» suttall Den erie ais carcisis etsreichoistoreercreinicis eceuekruelays 29 
BrinellMetaragessin terete misc var ier) c ey las causyai ei visieverovers: oo) Selmi Nissi dlafatele 145 
ROCK elles eB cpklar CINeS Since tetas nuns save tsi sin ovjel tyes at aiite lala otetetote atetsuelars 87 


* 1/4x1/,x3 in. unnotched specimens. 


Discussion of Results: The linear relationship 
between the logarithm of the time for given prop- 
erty changes and the reciprocal of the aging tem- 
perature is demonstrated for several properties in 
fig. 3. These curves have been useful in estimating 
service life for the alloy at various temperatures. 
For example, a drop in impact strength to 15 ft-lb 


— occurs after aging a few hours at 185°C, about 2 


yr at 60°C, and by extrapolation, about 70 yr at 
room temperatures. Other increments of change in 
impact strength, if plotted similarly, yield parallel 
and straight lines. 

The effect of solution annealing for 24 hr at 
500°C prior to aging at 185°C is shown in fig. 4. 
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changes in properties in 
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Brinell Hardness, (D) Tensile 
Strength, (E) Tensile Elongation. 
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20 I 
ra] 
Fig. 4 — Aging 7 
curves for a zinc FE 
alloy containing 
25 pet Mn-15 pet 
Cu-0.1 pct Al, Doe “ 
annealed at ra 
185°C. a 
“Showing the effect of 
solution heat treatment = 
at 500°C on impact YU 
strength. « 
2 
10 


This displacement of the property curve to the 
right is also found for other aging temperatures. 
Fig. 5 shows a comparison of time-temperature 
relationships of solution annealed and as cast bars 
for an impact strength drop to 15 ft-lb plotted as 


eS 


ANNEALED_IN 
0 AllR 
e Ol }as CAST 
R SOLUTION ANNEALED 
Ee 24 HRS. AF 500°C 
eS 
fe) 3 


3: 


5 


2.5 
LOG TIME (MINUTES) 


log t vs. 1/T, and illustrates the stabilizing effect 
of solution annealing. Assuming these curves are 
parallel, and extrapolating to 25°C, the estimated 
times for a drop in impact strength to 15 ft-lb are 
about 70 yr for as cast bars and 140 yr for solution 
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annealed bars, the solution anneal in effect doubling 
the expected service life. 

The experimental data fit reasonably well the 
equation of Jenkins and Bucknall’: 


f=, K-10"/F [1] 
or in more convenient form, 
log t => + log K [2] 


for the time required to attain maximum hardness 
and tensile strength in the aging of nickel-silicon- 
copper alloys, where t is the time required for a 
certain property change at temperature T (ab- 
solute), and m and K are constants. This, as others 
have observed, is analogous to the equation for the 
variation of the diffusion coefficient D with tem- 
perature, 

pA BRT [3] 
where Q is the activation heat of diffusion; T, the 
absolute temperature; R, the gas constant; and A, a 
constant. 

As a matter of interest the derived Q values from 
the analogous diffusion equation were calculated 
from the curves in fig. 3 and are given in table III. 
This quantity has been identified as Q’, heat of 
precipitation. No significance is attached to those 
values except insofar as they are an indication of 
a general mechanism involving diffusion by which 
~ the changes occurred, and are interrelated. 


Table Il. Comparison of Q’ Values, “Heats of Pre- 
cipitation”, Derived from Curves in fig. 3 


| Heat of Precipi- 


Property Change Plotted tation, Q’, Cal 


per g Atom 
Ties a EA Be ee ee es ee 
Tensile strength decrease to 60,000 psi.........+++++- 20,800 
Tensile elongation decrease to 4 PCt....-.+++-eeeeees 21,200 
Impact strength decrease to 15 ft-lb.......-.+-.-+-++ 20,900 
Brinell hardness increase to 180 Bhn............-6+-- ae 


Contraction of 20x10- in. per in......eeee eee seen 


As indicated by the Q’ values the slopes of these 


3.0 3.2 


curves are quite similar, lending confidence that 
such property changes give a reliable measure of 
the aging rate. 

This analysis while useful in predicting aging 
rates does not aid in understanding the mechanism 
of the aging process, and the data do not permit 
calculation of nucleation or growth rates. 


Summary 


In the aging of a zinc alloy containing 25 pct 
manganese, 15 pct copper and 0.1 pct aluminum 
the effect of time and temperature on changes of 
impact strength, hardness, tensile strength, tensile 
elongation and contraction can be expressed as: 


log t= + log K 


which gives essentially linear plots of log t vs. 1/T. 
This relationship has been useful in estimating the 
aging rates of the alloy at temperatures below those 
of the range investigated (60°-185°C). 

The analogy between aging behavior and diffu- 
sion has been noted, and Q values derived from 
aging rate curves show some agreement, ranging 
from 18,400 to 21,200 for the various property 
changes studied. 
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Self-diffusion in 


Alpha and Gamma Iron 


by C. E. Birchenall 


and 


R. F. Mehl 


The self-diffusion coefficients for alpha and gamma iron have been measured 
from 720 to 1357°C. The data approximately obey Da = 2.3 x 10° e”/®T and 
Dy = 5.8 e’”/RT, although there is evidence for curvature of the log D ys. 1/T 

plot for alpha iron. An appreciable grain size effect was noted. 


INCE Maxwell’ first considered the self-diffusion 

process in 1872 its importance in the kinetic 
theory of matter has been recognized. Until the dis- 
covery of isotopes in 1913, a direct measurement of 
this quantity seemed impossible. The only informa- 
tion that could be gathered indirectly was for gas- 
eous systems for which the kinetic theory was well 
developed. When methods of direct observation be- 
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came available, investigations on self-diffusion were 
carried out in condensed phases. In metals these 
data are presumably of potential importance in the 
study of recovery, recrystallization, creep, sintering, 
and related phenomena. 

Following the pioneer work of Von Hevesy’ and 
his collaborators, who determined the rate of self- 
diffusion in lead with the naturally occurring thor- 
ium ‘B isotope, several metals have been investi- 
gated. Pb, Ag*, Au**, and Cu®”*° are examples of 
isotropic crystals existing in only one phase modifi- 
cation. Anisotropy of diffusion has been demon- 
strated in Bi® and Zn”. This paper is a study of a 
single metal in two allotropic forms and also of 
self-diffusion in a body-centered cubic lattice. 

Despite the fact that the measurements in each 
of the papers cited on self-diffusion in copper seem 
to be internally consistent to about 10 to 15 pct, the 
curves reported by different authors differ by fac- 
tors of 2 to 4 at the same temperatures. This un- 
certainty may account, in part, for the failure to 
establish a successful correlation between the self- 
diffusion rates and other physical characteristics of 
the metals. No satisfactory theory of metallic self- 


diffusion has as yet been proposed to account for all 
the existing data and to permit estimation in other 
metals. 


Experimental Part: Two units of radioactive iron 
were used in these experiments, each a mixture of 
Fe” and Fe” “), Fe” decays by K electron capture 
and the emission of an X ray with a half life of 
about 4 years. Fe” emits two beta spectra, one with 
a maximum energy of 0.26 Mev, the other 0.46 Mev, 
and gamma rays of 1.1 and 1.3 Mev, with a half life 
of about 44 days. They were present in nearly equal 
concentration initially. The composite half life 
started at about 50 days and increased as the Fe” 
decayed, leaving Fe” relatively more abundant. 
After aging a year, the half life was too long to 
measure significant decay in a month. The absorp- 
tion properties also changed with time. Because of 
the importance of the absorption coefficient in the 
diffusion calculations, it was necessary to determine 
this quantity frequently over the period during 
which these experiments were carried out. This cor- 
rection Was unsuspected at the time of publication 
of notes® on this work and accounts for the dis- 
crepancy in alpha iron and for part of the discrep- 
ancy in gamma iron.* 


* The data in the present paper supersede those given in the notes en- 
tirely. In one note the scale of log D was inadvertently reversed. In 
addition to the correction for the drift in absorption coefficient, the D 
values for gamma iron at low temperatures were high owing to insuff- 
cient correction for diffusion occurring during heating and cooling 
through the high temperature part of the alpha range at a rate much 
slower than that employed in the runs reported here. The high tempera- 
ture alpha rates are much higher than the low temperature gamma rates 
and~correspond to large equivalent times at these temperatures. These 
experiments were discarded and new measurements taken. 


Independent experiments with the same activity 
units indicated a radioactive contaminant in the 
iron, but exhaustive attempts to isolate and identify 
it chemically failed. These experimentst indicate 


{ These experiments will be discussed in a later publication from this 
laboratory. - . 


that the contaminant represented only a trace of 
little importance in the diffusion results. 

The active iron was plated from an iron chloride 
solution. Enough of the solution was dropped on a 
14% in. square of filter paper to wet it thoroughly. 
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The paper was then placed on a platinum sheet 
anode and a circular iron disk of 1 in. diam and 4 
in. thickness placed on the paper. Active iron was 
plated upon the iron surface by passing a current 
through this assembly. The thickness of the plate, 
based on the measured activity, was of the order of 
0.02 microns or less. This could be considered an 
infinitely thin layer, since average diffusion dis- 
tances were about 50 microns. 

The iron disks used in most of these experiments 
were machined from a 1 in. square forged bar of 
electrolytic iron melted under hydrogen (‘West- 
inghouse puron”), containing oxygen as principal 
impurity and no other contaminants in more than 
trace amounts. The faces were ground parallel and 
one face of each disk was polished to 4-0 emery 
paper before plating. The plated disks were counted 
for surface activity using a bell-type, thin mica 
window beta counter in’a scale of sixty-four count- 
ing circuit. At first, points were taken over a period 
of two weeks or more to establish the decay line 
with considerable certainty, the samples counting 
at a rate between 1000-5000 counts per min above 
background. Later it became possible to decrease 
the number of counts taken. Concurrent control 
samples were counted to determine the change in 
half life with time. 

Two disks of nearly the same surface activity 
were placed face to face without added pressure in 
a porcelain tube furnace to minimize vaporization 
losses. While the furnace was heating, it was alter- 
nately evacuated to about 10° cm and flushed with 
purified hydrogen. A. charge of hydrogen (usually 
the third) at slightly greater than one atmosphere 
pressure was allowed to remain in the furnace tube 
during the diffusion heat treatment. The furnace 
was cooled to room temperature before the samples 
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Fig. 1—Self-diffusion in alpha iron. 
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were removed, except in one or two runs where hot 
samples were quenched in methanol. 

For good results on gamma diffusion, samples had 
to be introduced into a furnace at temperature and 
quenched out at the end of the run to avoid large 
additional diffusion, (see footnote, p. 144), in the 
heating and cooling through the alpha range. During 
this process the grains of the specimens frequently 
grew to diameters of 1 to 2 mm and were easily 
visible to the naked eye. If the samples had not 
oxidized during the heat treatment they could be 
separated with no difficulty. If appreciable oxida- 
tion had occurred, separation could be accomplished 
only by force. These latter samples were discarded. 
Oxide films were readily visible when present. 

After diffusion, the samples were again counted 
for a period to establish the decay line, counts now 
falling in the range 350 to 3000 counts per min 
above background. A plot of logarithm of activity 
versus time was made and the decay lines before 
and after diffusion were extrapolated to some inter- 
mediate time. Values read directly from these 
curves gave the fraction of activity detectable at 
the surface after diffusion. Each point represents an 
average for the two disks. 

Steigman, Shockley, and Nix® have given a mathe- 
matical analysis relating the decrease in surface 
activity to the diffusion coefficient, D, and the ab- 
sorption coefficient, », for the radiation in the metal. 
If the disk is thick compared to the depth of pene- 
tration of the diffusing atoms, the fraction, F, of 
activity observed at the surface after diffusion is 
given to a very good approximation by 


r=e[1—0 (WZ) | [1] 
where @ is the Gauss error integral and 
Le DE [2] 


1200 ¢ 1300° G 


7.0 


6.0 
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where t is the time for which the sample was held at 
the diffusion temperature. It is convenient to make 
a table of F versus Z; from this, when F is deter- 
mined, Z may be read off. 

The use of Eq 1 and 2 requires that the measured 
activity decrease exponentially with absorber thick- 
ness at least to the depth where contributions to 
the measured activity after diffusion from the pene- 
tration curve will be relatively small. This will de- 
pend to some extent upon the counting equipment 
and geometry. The absorption curves measured here 
were found to satisfy these conditions. 

The absorption coefficients were measured for 
aluminum, the effective coefficient indicating the 
proportion of betas and X rays being counted at a 
given time. The mass absorption coefficient for betas 
is nearly the same for aluminum and iron. How- 
ever, it differs for X rays. This contribution was 
calculated for iron and an effective absorption co- 
efficient for iron was obtained by combining this 
with the beta contribution. 

Although » was determined frequently, great pre- 
cision cannot be claimed for the factor, and the 
error in » (and D) from this source may be of the 
order of 15 to 20 pct for individual points. The 
values for »’ are higher and more precise than the 
lower ones since they involve a greater number of 
measurements. Also the beta 
activity had become very 
small, and the X rays re- 
maining obey the conditions 


An estimated overall uncertainty cannot be based 
upon these factors alone since the plated surfaces 
showed extreme susceptibility to oxidation and were 
easily damaged in handling. In addition, it should 
be noted that excellent internal consistency was at-- 
tained by the observers of the self-diffusion co- 
efficients of copper though they disagreed markedly 
between themselves. These discrepancies do not 
seem to depend upon the method of observation, 
that is, whether the decrease in surface activity was 
measured or whether the sample was sectioned by 
machining layers to determine the penetration 
curve, since there seems to be little correlation of 
the relative values with method used. The purity 
factor seems to have little effect in copper accord- 
ing to both Maier and Nelson* and Steigman, Shock- 
ley, and Nix.’ Maier and Nelson found grain size 
effects to be very small and in the direction opposite 
to the expectation of faster intergranular diffusion, 
while Steigman, Shockley, and Nix detected no 
trend at all. Nor does it seem likely that all of the 
discrepancy can be ascribed to errors in determining 
absorption coefficients. Two of the series’ * were 
determined by sectioning methods which would be 
insensitive to this factor. The other two may suffer 
from this source of error. Further, Seith and Keil” 
found no grain size effect in lead self-diffusion. Until 


Table I. Self-diffusion in Alpha Iron 


for the use of Eq 1 and 2 
precisely. No. POC t (sec.) F Z [ld D 1/T Material 
Temperature control of the 
& : F : 1 720 | 11.2x105 | 0.782 | 0.055 | 3.32x10° |1.48x16-28| 10.07 Puron* 
furnaces was maintained with 2 755 | 6.91 | 0.689 | 0.137 | 3.71 5.33 | 9.73 | Puron 
automatic controllers operat- 3 = ove 0.510 vee 3.42 31.0 9.32 poe 
: 4 : 4 8 6 0.417 | 1.08 3.73 80.3 9.07 uron 
ae platinum, platinum- 5 350 | 3.84 | 0.325 | 2.18 3045 164 8.90 Puron 
rhodi in- 6 887 1.476 | 0.389 | 1.33 3.64 247 8.61 Puron 
Um thermocouples ae a, 0.609 | 0.263 4.77 5.59 Commercialt 
serted in the heating coil. 7 b 725 9.88 0.746 | 0.0805| 4.77 1.71 | 10.02 { Carbonylt 
0.852 | 0.022 4.77 75. Co i 
The sample temperatures 8 i 825 | 0.612 | 0.828 | 0.031 | 4.77 17” 9.11 1 Coors 
were measured with 5 a, eae Ae 0.693 | 0.132 4.77 384 Pee Conincceral 
b WU 0.684 0.143 4.77 416 : arbony 
chromel-alumel couples for ss 0.508 | 0.558 | 5.00 7.18 NlicComurtercial 
1 b 0.582 | 0.324 5.00 4.15 Puron 
ow temperature se and Pt, 10 c 751 15.6 0.618 | 0.246 5.00. 3.16 9.76 Carbonyl 
Pt-Rh for the highest tem- ad 0.614 | 0.253 | 5.00 3.26 Carbonyl 
. +7: a 0.614 | 0.253 5.00 194 8.84 Annealed puron 
peratures, sheathed in ‘Silica 11 b 858 0.26 0.610 | 0.262 5.00 202 8.84 Cold worked 
tubes, inserted to a point in ¢ Bees see ee 50.6 oss Asnealed 
5 5 a i 5 : ‘ 9.53 
the heating chamber directly 12 b 776 2.91 0.658 | 0.178 | 5.00 12.2 9.53 Gold worked? 
above the sample. This pro- BUrOD 


cedure was established after 
chromel-alumel couples used 
in early runs in contact with 
furnace atmosphere showed 
rapid deterioration. 
Uncertainties in tempera- 
ture measurement and con- 


ence, 99.95 pct. 


* Puron—Electrolytic iron melted under hydrogen and forged into a 1 in. 
Westinghouse Electric Co. 
0.003 pct sulphur, 0.0015 pct nickel and no other impurities exceeding 0.001 pct. 


+ Commercial iron sheet—20 ga sheet of Carnegie-IlJinois special killed steel. 
pct manganese, 0.067 pct carbon, 0.03 pct chromium and sulphur, 0.02 pct nickel and copper, 
0.009 pct silicon and 0.005 pct phosphorus. 


t Carbonyl iron—-Reduced in hydrogen for 750 hr at 1200°C. A similar sample gave: 
pet carbon, 0.04 pct nickel, 


square bar by 
Contains about 0.04 pet oxygen, 0.005 pct carbon, 0.004 pct nitrogen, 
Iron by differ- 


Contains 0.30 


0.01 
0.006 pct copper, 0.003 pct oxygen, less than 0.004 pct nitrogen and 


trol for.most runs are prob- 0.0004 pet hydrogen. Chionmise tin and molybdenum aggregated less than 0.005 pct. No 
é manganese, silicon, phosphorus, or sulphur was detected. 
ably of the order of 3°C al- 
though a few runs involve 
somewhat greater uncertain- 
ty, especially m the upper Table II. Self-diffusion in Gamma Iron. 
gamma range. Counting er- 
rors, including the statistical No. | T°C | tec.) | ean | Z LT EaD |e 2 
saa 4 1 1357 0.398x104 | 0.321 2.27 5.10x10° | 1120x10-2 | 6.13x10-4 
errors, reproducibility of ge 2 1260 0.840 6.453 0.831 5.10 194 651. 
ometry, etc., probably aggre- 3 re ae oo Sores 5.10 35.6 6.78 
; : .036 3.22 5.87 7.33 

gate to about 3 pct. The 5 1058 41.3 0.441 0.908 5.10 4.32 7.51 

PRRISIOn a elles 970 30.0 0.756 0.0726 | 4.77 0.51 8.04 
precision in the measurement bt 970 +1198 0.556 0.394 4.77 4.16 8.04 


of time greatly exceeds 
that for the other factors. 


* Carbonyl iron. 


+ Commercial sheet. 
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the reason for these large discrepancies has been 
ascertained it appears idle to ascribe great accuracy 
to any set of self-diffusion measurements. The aver- 
age uncertainty in the individual points given here 
is estimated to be about + 25 pct, based upon the 
known sources of error. The log D vs. 1/T line 
should be much more precise than this. 


Data: Table I records the data for alpha iron, the 
first six items representing pairs of puron disks, the 
following groups representing two or more pairs of 
samples run simultaneously to investigate the de- 
pendence of the diffusion coefficient on the source 
of iron or the effect of cold work prior to diffusion. 
The cold work studies will be discussed by Ruder.” 
The table has columns in the following order: a 
number to identify the run, the temperature in de- 
grees centigrade, the time in seconds, the fraction of 
initial activity observed after diffusion, Z calcu- 
lated from F by Eq 1, the square of the absorption 
coefficient at the time of the run, the diffusion co- 
efficient calculated from Eq 2, the reciprocal of the 
absolute temperature, and identification of the ma- 
terial used in the run. In addition to these samples, 
one welded couple was also run. The sections cut 
parallel to the weld interface were counted in the 


form Fe.,O;. The resulting point is given in fig. 1; 


the data are plotted in fig. 2 for comparison with 
the penetration curve calculated for D = 4.4 & 10™ 
cm’ per sec. 

Table II gives the same record for gamma iron. 
All of these samples were puron except pairs 6a 
and_6b; these were run simultaneously in order to 
be as closely comparable as possible. The difference 
in time given for 6a and 6b arises from the correc- 
tion for heating and cooling through the alpha 
range. An equivalent time was calculated on the 
basis of the alpha curve to give the same penetra- 
tion at temperature. Had the two sets shown the 
same diffusion coefficient at temperature the time 
corrections would have been the same. As men- 
tioned earlier, this correction was minimized on all 
other gamma samples by introducing them into a 
furnace at temperature and quenching at the end of 
the run. : 

All data from the tables are plotted in fig. 1 as 
log D against the reciprocal of the absolute tempera- 
ture, corresponding to the Arrhenius equation 


D= D, e@/kT [3] 


where @ is called the activation energy, D, the 
frequency factor, R the gas constant, and T the 
absolute temperature. 

Inserting the values from the curves in fig. 1 leads 
to the following equations in the above form: 


Alpha iron’ “Daz= 2.315C 10" ey Rt 


Gamma iron: Dy = 5.8 e™/RT 


Discussion of Results 


Fig. 1 shows that at high temperatures in a 


Fe self-diffusion data in the three sources of iron 
are in good agreement. However, as the tem- 
perature declines the divergence becomes quite 
large. The hydrogen reduced carbonyl iron, which 
is the purest and the largest in grain size, gives the 


lowest self-diffusion rates. Puron, intermediate in 
grain size and purity, falls above this. The highest 
rates were observed in the fine grained commercial 
steel. 

Two pairs of disks, 6a and 6b, were run at 970°C 
in the gamma range; 6a was of carbonyl iron, 6b of 
commercial sheet. The carbonyl iron point seems 
to be in excellent agreement with the puron samples 
run at higher temperatures, falling on the extra- 
polated curve for puron, but the commercial iron 
gave a much higher value. Since the heating and 
cooling correction was large, the agreement for 6a 
and the puron samples may be fortuitous. It was 
also observed that the initial large grains of car- 
bonyl iron (6a) recrystallized during the cycle to 
produce much finer grains. There was no way to 
decide whether either of these corresponded to the 
grain size at temperature, so no further studies of 
this kind were attempted in the gamma range. 

On the alpha iron curve four sets of points are 
of interest. At 900°, 825°, and 725°C runs were car- 
ried out using a pair of carbonyl iron samples and 
a pair of commercial steel disks. At the highest tem- 
perature the two sets gave nearly identical results; 
at the intermediate temperature the separation was 
greater but of the order of the experimental scatter 
observed, the carbonyl iron giving the higher result. 
At the lowest temperature the difference seemed 
too great to be experimental error, and the carbonyl 
iron, with the largest grain size, was much the 
lower. 

To check this last point a group of four pairs of 
samples was run at 750°C in the alpha range. One 
pair was puron (106), another commercial iron 
(10a), and the remaining two sets of carbonyl iron 
had different grain sizes. One of the carbonyl iron 
sets had grains of an average diameter of 5 mm 
(10c), but the other set (10d), had recrystallized 
when heated into the gamma range in an earlier 
experiment to produce surface grains of about one 
tenth this diameter. The surfaces were machined to 
remove the radio-iron, repolished and replated with 
active iron. After diffusion the radioactive layers 
were again machined off, the faces polished to 4/0 
paper and etched with 3 pct nital. The 10d faces 
showed chiefly large grains like the other set al- 
though a few were broken into fine grains. The back 
faces were all fine grained with diameters averaging 
about 0.5 mm. At this point the whole sample was 
about 1/16 in. thick. It is not certain whether diffu- 
sion in this set of samples was in the fine grained 
or large grained part, so great weight cannot be 
given to this. 

The results for the two sets of carbonyl iron disks 
(10c, d) were indistinguishable, the puron (10b) 
was higher and the commercial iron (10a) was 
much higher. This leaves little doubt that in the 
lower part of the alpha range (and probably in the 
lower part of the gamma range) where the volume 
diffusion coefficient is very low, a large part of the 
diffusion may occur in grain boundaries. 

It has been mentioned that in lead and copper 
self-diffusion, no grain boundary diffusion effect has 
been observed. In carbonyl iron a possible ten fold 
decrease in grain diameter produced no difference. 
But in puron and a commercial iron a marked in- 
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crease was noted. There are two possible contribut- 
ing factors which vary from one iron to the other: 
grain size and purity. The two are not unrelated for 
it would be a major feat to grow 5 mm grains in the 
commercial sheet. 

The lack of grain size effects in very pure metals 
(carbonyl iron, lead, copper) and their presence in 
less pure metals and many alloys may possibly be 
explained in the following way: A grain boundary 
in a very pure metal must be very similar to intra- 
granular regions, offering little increase in mobility 
to the atoms in its vicinity. However, it may act as 


DIFFUSION IN 
WELDED PURON 
SAMPLE 


686°C 


CALCULATED DISTRIBUTION 
FOR 0=4.4 x10" cmSec 


RELATIVE ACTIVITY 


DISTANCE, Cm. 


a site for the accumulation of dissolved impurities 
whose presence modifies its properties out of pro- 
portion to their overall concentration. Inspection of 
the diffusion literature arouses the suspicion that 
some of its inconsistencies arise in this manner. 

This is not a new idea, nor is it without parallel 
support. Measurements on anelasticity” show that 
grain boundary relaxation sometimes has an activa- 
tion energy very near that for volume diffusion, 
indicating that the grain boundary may not differ 
markedly from the bulk material with respect to 
the mobility of atoms. It would be desirable to know, 
however, which impurities are surface active, i.e., 
reduce the surface tension of the metal, and which 
are the converse. The technique used for pure cop- 
per by Udin, Shaler, and Wulff” might be useful 
for this. A direct measurement of concentration in 
grain boundaries might be obtainable in extreme 
cases by autoradiography using radioactive im- 
purities. 

Rhines and Mehl” have suggested that the diffu- 
sion rates in dilute alpha solid solutions of copper 
approximate the copper self-diffusion rate. Further 
support for this principle and a discussion of its 
limitations have been given by Thomas and Birch- 
enall.” It is interesting and informative to compare 
the self-diffusion rates for iron with the rates of 
diffusion of molybdenum,” manganese,” and nickel” 


The solid line is calculated for D = 4.4x10- cm? per sec. 


in iron when the solute is dilute or when the con- 
centration dependence curves are extrapolated to 
very dilute solution. Such a comparison is avail- 
able in fig. 3. In all these cases except molybdenum 
in gamma iron solubility is appreciable. This excep- 
tion represents the largest displacement from the 
self-diffusion curve. The manganese and nickel 
curves lie very close to that.for gamma self-diffu- 
sion except for a lower activation energy. The 
alpha iron self-diffusion curve agrees well with 
molybdenum diffusion by extrapolating to common 
intermediate temperatures. This overall agreement 


Fig. 2—Penetration Curve for welded puron sample. 


The points 
are experimentally determined. 


must be regarded as good support for the absolute 
values of the sets of diffusion data involved. 

At the transformation temperature, 910°C, the 
self-diffusion coefficient of alpha iron is about 660 
times as large as that for gamma iron. For molyb- 
denum the rate is about 100 times faster, while 
Stanley finds that for carbon the factor is about 
400. Though of the same order of magnitude the 
differences are appreciable. No explanation can be 
given at this time to account for the size of the 
factor or its variation with composition, but it 
seems reasonable to expect higher rates in the less 
closely packed system. 

Within the experimental error the activation 
energies in the two phases are in agreement, al- 
though the difference is of about the same magni- 
tude and direction as that reported by Ham for 
molybdenum diffusion. Inspection of the data for 
alpha iron, both self-diffusion and molybdenum 
diffusion, and the higher activation energy ob- 
tained by Ké” for grain boundary relaxation in 
iron at 490°C suggests that log D may not be a 
linear function of the reciprocal of the tempera- 
ture over a wide range of temperatures. Such a 
curve is necessary to fit all of the self-diffusion 
data for lead. 

The tentative equations of Cohen,” Bakalar, and 
Buffington fall within the range of the data given 
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here although the slopes of the curves differ con- 
siderably. : 
Summary 

1. Self-diffusion coefficients have been measured 
for alpha and gamma iron over the temperature 
range 720° to 1357°C. 

2. At the transformation temperature the rate is 
about 660 times faster in alpha iron than in 
gamma iron. 

3 The activation energies were found to be 73 k 
cal per mol for alpha iron and 74 k cal per mol 
for gamma iron. This difference is probably less 


DIFFUSION 
IN IRON 


10° 


5, 
3 


D, Cm? Sec. 


197"! 


fo 


than the experimental uncertainty. 

4. A grain size effect was noted at the lower tem- 
peratures studies in the alpha range (and per- 
haps at the lowest temperature in the gamma). 
This effect may be related to the purity of the 
material used. 

5. The data agree well with the rates of diffusion 
of molybdenum, manganese and nickel in dilute 
solution in iron. 
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Plastic Deformation 


in the Rolling Process 


by B. L. Averbach 


The distribution of principal strains within a bar after a 20 pct rolling reduction 
was determined by radiographing a lead grid imbedded in a cast tin bar. Axial 
and vertical principal strains of about the same magnitude and direction as those 
reported by others at the surface of a bar were observed in the interior. The lateral 
principal strain, however, changed from tension at the center of the bar to compres- 
sion midway between the center and a outside in a section perpendicular to the 

roll axis. 


HE rolling process may be considered as a case 
of a nonhomogeneous plastic flow. In such a 
heterogeneous deformation there is no direct gen- 
eral solution, and the plastic deformation varies 
from point to point as a function of the coordinates. 
It is practicable to determine -these plastic strains 
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AIME New York Meeting, Feb. 1950. 

TP 2761 E. Discussion may be sent to Transactions 
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lication Nov. 1950. Manuscript received Sept. 30, 1949. 


only at the conclusion of the rolling process, and 
the local strains can be studied by observing the 
deformations produced in a suitably placed grid 
system. 

Strains at the surface of a bar after rolling have 
been reported by MacGregor and Coffin, but the 
strain distributions within the bar have not been 
previously observed. Siebel’ has investigated the 
plastic deformations resulting from wire-drawing 
by splitting the wire along its axis, milling a grid 
coordinate system on the inner plane surfaces, and 
binding the wire together so that it would pull 
through a die as a single unit. This method was 
possible because of the rotational ‘symmetry of the 
die. In the rolling process, however, such a system 
was not readily applicable. This paper describes 
another method of including a grid system, and 
reports some preliminary data on the plastic roll- 
ing strains within a square bar. 


Experimental Procedure 
A network grid containing squares approximately 


2.1 mm wide (144 network squares per sq in.) was 
punched from a thin lead sheet with a steel die and 
supported in a brass-mold by thin copper wires. 
Pure tin was then poured around the grid to form 
a solid bar, with the network securely imbedded 
at a given position. This bar was then machined 
to a square 15.2 mm (0.60 in.) wide, and then radio- 
graphed. 

The lead grid was quite adherent and sufficiently 
ductile to follow the deformation of the bar faith- 
fully. The network lines also remained sharp 
enough to maintain a high radiographic contrast, 
and the tin bar, with the grid included, could with- 
stand considerable deformation at room tempera- 
ture without splitting at the interface. In order to 
fill the mold, it was necessary to cast the tin at 
260-280°C and during pouring the lead grid was 
supported at short intervals to prevent warping. 
Some shrinkage cavities were encountered, but 
only bars which were free of shrinkage in the net- 
work region were used. This method is similar to 
the one employed by Steinberg’® in an investigation 
of the strain distribution in a tensile specimen. 

Before rolling, the machined bars were radio- 
graphed in two directions to obtain accurate initial 
dimensions of each square and to observe whether 
the grid was straight and correctly positioned. The 
rolling was performed in a small hand mill with 
2 in. diam rolls at room temperature, and a 20 pet 
reduction based on the original height was em- 
ployed. The rolls were clean and no lubricant was 
used. Halfway through the bar, at the center of the 
network, the rolls were reversed and the bar ex- 
tracted. These bars were then radiographed again 
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in both directions to detect any warping, and the 
76 final dimensions of each grid square after deforma- 
tion were obtained. Fine-grained X ray film was 
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direction as the lateral width, the positions of the 
grids may be described as follows: 

Section 1. XY plane at the center of bar, i.e., 

perpendicular to the roll axis. 

Section 2. XY plane, 7.6 mm (0.15 in.) from the 

center line, i.e., midway between the center and 

the side. 

Section 3. XZ plane at the center of the bar, i.e., 

parallel to the roll axis. 

Section 4. XZ plane, 7.6 mm above the center 

line, i.e., midway between the center and the top 

surface. 

The lateral strains obtained from Sections 3 and 
4 were too small for accurate measurement and 
all of the computations which follow were taken 
from Sections 1 and 2. Fig. 1 illustrates the posi- 
tions of the lead screens, and shows the coordinate 


Be ee ee et 
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and heights were measured separately and aver- 
aged for each parallelogram. Corresponding paral- 
lelograms on each side of the center line were also 
averaged. 3. The angular distortion or shear angle, 
8, was measured for each parallelogram. Since the - 
vertical lines in fig. 1 remained essentially per- 
pendicular to the longitudinal axis after rolling, 
this angle was taken as the one between the hori- 
zontal axis and the deformed axial side of the net- 
work squares. 4. The vertical distance of the center 
of each distorted grid square from the central axis 
of the bar. 5. The distance of the center of each dis- 
torted square along the longitudinal axis of the bar. 
The origin was taken as the first square without 
plastic deformation. 
Results 
None of the grids was warped as a result of roll- 
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system which was used to describe the positions of 
the deformed network squares. The streamlines 
were defined as the loci of the centers of consecu- 
tive longitudinal squares, and vertical positioning 
lines were used to define the loci of consecutive 
vertical rows of squares. The origin for all measure- 
ments was taken as the first row of squares which 
showed no deformation. The longitudinal and verti- 
cal strains «, and e«, were evaluated directly from 
the radiographs, and the lateral strains e«, were 
computed on the assumption that the volume does 
not change as a result of plastic deformation. This 
is the usual assumption of plastic flow theories, and 
the strain formulas which were used are listed in 
the appendix. 

_ The following measurements were made on each 
network: 1. The initial dimensions of each square 
of the grid before deformation. 2. The dimensions 
of each parallelogram after deformation. The bases 


ing and this may be taken to indicate that the 
lateral principal strain, ¢«,, is perpendicular to the 
XY plane, i.e., parallel to the roll axis. The natural 
strains, €., €y, €., were calculated from the expres- 
sions given in the appendix. The shear strain was 
then computed for each square from the measured 
angular distortions, and the angle, u, between the 
principal strain axis and the horizontal axis was 
calculated from Eq 5 in the appendix. Mohr’s circle 
was solved for each position, and the principal 
strains were thus obtained. 

Fig. 2 shows the directions of the principal strains 
€é, and « at various positions in the bar and the 
values for the angle a agree quite well with those 
obtained by MacGregor and Coffin under somewhat 
different conditions. The values for the principal 
strains are plotted in fig. 3-5 and the values for «, 
and «, are also quite similar to those obtained by 
MacGregor and Coffin. The values of «,, however, 
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showed an unexpected peculiarity. These strains 
are, of course, quite small in magnitude since there 
is very little increase in width as a result of rolling. 
At the center of the bar (Section 1) there was a 
small tensional lateral strain, as would be expected. 
Midway between the center and the side, however, 
(Section 2) the lateral strain was one of compres- 
sion although still quite small. The presence of this 
compressional strain was observed on each of the 
streamlines and it seems as if the effect must be 
real. The lateral strains were calculated on the 
basis that e+e«+.«—0. This relationship would 
have to be in error by -50 pct to account for the 
observed compressional lateral strains, and devia- 
tions of this magnitude have not been observed. 
The values for the lateral strains are also well be- 
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Appendix 
In the calculation of principal strains the follow- 
ing formulas were used: 
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yond the experimental error. It is to be emphasized, 
however, that these grids were comparatively large 
and that a more precise survey with a final grid 
system would be in order. 

Conclusions 

“The distribution of principal strains within a 
bar as a result of a 20 pct rolling reduction was 
determined as a function of the coordinates. The 
axial and vertical principal strains have about the 
‘same magnitudes and directions as those previously 
determined by others’ at the surface of a bar. The 
lateral principal strain, however, changes from ten- 
sion at the center of the bar to compression mid- 


_ way between the center and the outside in a sec- 


tion perpendicular to the roll axis. 
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axial strain 
vertical strain 


(Se? 
= lateral strain 
1, = final length of grid in x direction 
1, = original length of grid 
1, = final length of grid in y direction 
Yey == Shear strain 
6. rs = Se + ey pei ee 20 \/ (s8 we “) ea 
6 = observed Phat re horizontal axis 
and deformed side of network square.- 
a = angle between principal strain «, and 
horizontal axis. 
7. ae we oo (= ) 
€, € €s —= true principal strains in gh vertical 


and lateral directions. Solved graphically 
by Mohr’s circle. 
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The Effects of Nitrogen, Iron, or Nickel Upon 


the Alpha-Beta Transformation and Gamma Precipitation in 


Cobalt-Chromium Alloys 


by A. R. Elsea and C. C. McBride 


This paper describes a metallographic investigation of the influence of nitrogen, 
iron, or nickel additions upon the transformation and precipitation reactions occur- 
ring in cobalt-rich cobalt-chromium alloys. It is shown that nitrogen, iron, or nickel 
additions lower the alpha-beta transformation temperature range and tend to pro- 

mote the formation of gamma phase. 


IGH-TEMPERATURE alloys, that is, alloys 
that are strong at high temperatures, have be- 
come increasingly important with the development 
of modern aircraft engines. Many alloys of this type 
are available. However, metallurgists do not have 
a clear understanding of the phases or structures 
which are responsible for these high-temperature 
properties. If these basic factors were understood, 
it might be possible to make better or cheaper al- 
loys for service at high temperatures. 
For this reason, an investigation of the funda- 
mental factors promoting high-temperature strength 
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in alloys was started at Battelle Memorial Institute. 
This was to have included a study of the relation- 
ship between the structure and properties of cobalt- 
chromium base alloys of the vitallium type. It soon 
became clear that the structure of vitallium is quite 
complex and that the equilibrium diagrams which 
should explain these structures were unreliable. As 


a result, the cobalt-chromium binary diagram was 
determined as the first phase of this investigation’. 
This diagram is shown in fig. 1. 

During the study of the cobalt-chromium binary 
system, it was learned that these alloys may pick up 
considerable nitrogen when melted and heat treated 
in air. The extent to which nitrogen affects the 
various reactions in cobalt-chromium base alloys 
was not known, but there were indications that this 
impurity might be responsible for some of the er- 
ratic test results obtained for vitallium. Conse- 
quently, nitrogen was the first ternary addition 
studied. Thereafter the work was extended to ter- 
nary additions of iron and of nickel. 

This paper describes the investigation of the 
effects of nitrogen, iron, and nickel upon the reac- 
tions in cobalt-chromium alloys with 80:20 and 
68:32 cobalt-chromium ratios. 


Experimental Work 


Alloy Preparation: A series of cobalt-chromium 
base alloys containing various amounts of the third 
element being studied were made for both the 80:20 
and the 68:32 cobalt-chromium ratios. 

Electrolytic chromium, cobalt, and iron, and re- 
agent-grade nickel powder were used as melting 
stock. Table I contains the chemical analyses of 
these materials. The charges were melted in alun- 
dum thimble crucibles which absorbed chromium 
oxide and effectively deoxidized the melts. These 
crucibles were supported by close-fitting graphite 
sleeves so that if they cracked during melting the - 
metal would not be lost. Carbon increases, during 
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melting, ranged from 0.08 to 0.1 pct; however, dur- 1800 ; 


ing subsequent homogenization, the carbon was re- 
duced to within the limits of 0.01 to 0.05 pct which 1700 
was considered satisfactory. 
3 The melting furnace consisted of a vertical por- (too se 
celain tube heated by a tubular Globar element and eons SS 
Z was designed for either vacuum or controlled-at- a J 
mosphere melting. Nitrogen atmospheres were tletien < 
obtained by passing tank nitrogen through a drying ‘o E ae 
tower containing magnesium perchlorate and then ee so he A 
through the furnace. When argon atmospheres ae eas 
were used, tank argon (99.87 pct argon) was passed NS SSy 
through magnesium perchlorate to remove the 
moisture and then through a container of titanium q 
metal granules heated to 750°C for removal of prs 
nitrogen and oxygen. f wa ; 
The melts were briefly stirred prior to casting f 
and then centrifugally cast into precision invest- es r 5 
ment molds yielding 3/16 by %4-in. rectangular rte 
Table I. Analyses of Melting Stock 
800 y B 
Vii 
Per Cent Va 
700 Hf Bry 
ioe 
Electro- Electro- Electro- Nickel A ee 
lytic lytic lytic Metal ‘ Hi u 
Element Cobalt Chromium Iron Powder M4 i 
“ 
Bei 4 
C 0.06 0.02 0.005 0.080 # i 
Si 0.01 0.08 0.003 0.090 / I 
Fe 0.05, 0.048 Balance 0.490 } 
Ni 0.32 0.008 Balance 0 H 
S 0.004 
ae 0.008 ‘} <0.05 
Sn < 0.005 Bs ie ua 
base < 0.005 ! 
Meg < 0.001 : 
Mo = .0g8 25 a= 20 30 40 7) Ey 70 60 90 100 
ee Balance Bianae <0.1 PER CENT CHROMIUM 
Oz 0.15 0.5 EQUILIBRIUM DIAGRAM FOR THE COBALT -CHROMIUM BINARY SYSTEM 
Ye Ne 0.004 
: Mn 0.002 
P 0.001 


Table II. Chemical Analyses and Melting and Homogenizing Data for 


Cobalt-Chromium-Nitrogen Alloys 


: Analysis +e Analysis, Per Cent, 
Alloy acting Per Cent, As Cast ie aie ie After Homogenizing 
tmosphere Cr Not Cc Cr No C 
T-71-B(Top) Ne 19.5 | 0.063 A 19.5 | 0.006 
(Bottom) 19.6 0.071 Dare 
T-1- A 19.6 | 0.084 | 0.03 A 19.6 |. 0. 
T-1-B A 19.2, | 0.011 A 19.2 | 0,007 
T-1-C(Top) A 19.7 | 0.016 A 19.5 | 0.010 
19.8 | 0.015 
w-71-¥creo) Ne A 20.3 0.012 | 0.02 
“es Ne 19.9 | 0.085 A 19.8 | 0.019 Fig dGhove: Boule 
T-1-B A 19.2 | 0.011 Ne 19.2 | 0.046 “18. D } 
T1-C(Top) A 19.7 | 0.016 Ne 19.5 | 0.051 librium diagram _for 
-_, (Bottom) | a Sheen me A Gah ln eels the _cobalt-chromium 
ae é Z 216 | | 0.03 binary system. 
T7183 ear Ne 19.5 | 0.063 Ne 19.5 | 0.060 
7AEA Ne 49.9-| 0.085 2 119.8 | 0.067 
171-6 Ne 2 20.4 | 0.070 | 0.0 
cpeues A A 31.6 | 0.014 
-T-4-A A 31.9 | 0.017 | 0.03 A 32.0 | 0.024 
T7 Ne 28.5 | 0.274 A(Melted) 28.5 | 0.027 
T-4-F(Top) A 0.10 A 32.6 | 0.034 0.05 
cae 32. 04 
Py 2 No 30.9 | 0.281 A(Melted) | 30.9 | 0.062 
T-4-B(Top) A 31.7 | 0.108. A 31.4 | 0.066 
(Bottom) 31.7 0.107 : eC 
T-70-B(Top) Ne 32.0 | 0.368 A 31.6 | 0.10 
GLso. Ne iota ees A 31.9 | 0.115 | 0.05 
Tata Nee 0.05 
genom re | 48A—SS48Ne2 32.1 | 0.262-| 0.02 
at 50 More A | 32.1 | 0.141 
A 31.0-.\- 0. 
Ne Ne Chee Ne 31.6 | 0.404 
50D Ne Ne 31.5 | 0.367 


* By wet-chemical method. 
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Fig. 2—Nitrogen pickup in cobalt-chromium alloys 


heated in air at 900°C (1650°F). 


Fig. 3—Alpha plus 
beta temperature 
range and gamma 

precipitation 

as a function of nitrogen con- 

tent for cobalt-chromium-ni- 


trogen alloys containing 19.2 
to 20.5 pct chromium. 


1000 


2000 


CHROMI 


bars about 5 in. long. In the early stages of the 
investigation, chemical analyses were obtained for 
the tops and bottoms of the as-cast bars to deter- 
mine melting losses and uniformity. 

Heat Treatment: Two types of furnaces were 
used in the heat-treating operations. Both types 
were combustion tube furnaces which could be sup- 
plied with either purified argon or dry nitrogen at- 
mospheres. The furnaces used for heat treatment 
at temperatures above 1050°C were heated by pin- 
type Globar elements and could be controlled to 
within +5°C. Heat treatments at temperatures be- 
low 1050°C were conducted in chromel resistance 
wound furnaces, designed to maintain the desired 
temperature to within +2°C. 

The cast bar stock was homogenized for 50 hr at 
1260°C and water quenched. Metallographic ex- 
amination of the homogenized stock showed that it 
was free from microsegregation. Chips were ob- 
tained from the tops and bottoms of the homogen- 
ized bars for chemical analyses. 

Specimens of the homogenized alloys were heat 
treated for 50 hr at temperatures in the range of 
625 to 1025°C and water quenched to room tem- 
perature. In general, temperatures at 25°C inter- 
vals within the above-mentioned temperature range 
were selected for the heat treatments. The speci- 
mens were then subjected to metallographic 
examination to determine the phases present. The 
phases were identified, using the procedure de- 
scribed in an earlier paper.* Results of this exam- 
ination, plotted as a function of temperature and 
composition, showed the effects of the third element 
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upon the alpha-beta transformation temperature 
range and the precipitation of gamma. 

The transformations in these alloys are very 
sluggish; consequently, the results obtained from 
some of the tests show only trends. Later in this 
report, a description is given of an experimental 
technique used to determine more accurately the 
limits of the reactions in certain of the alloys. How- 
ever, in most cases, the results obtained from the 
tests described above were considered to be suffi- 
ciently accurate. 


The Effect of Nitrogen Additions on the Alpha- 
Beta Transformation Temperature Range and the 
Precipitation of Gamma in Cobalt-Chromium Base 
Alloys: Table II gives the chemical compositions 
and melting and homogenizing data for the cobalt- 
chromium-nitrogen alloys. 

Alloy T-4-G represents the lowest nitrogen con- 
tent that was obtained in the alloys containing ap- 
proximately 32 pct chromium. Alloy T-5 was made 
with the same melting stock as that used for Alloy 
T-4-G, the only difference being that Alloy T-5 was 
melted in an atmosphere of dry nitrogen. The 
method of preparing Alloy T-70 was similar to that 
for Alloy T-5, except that the chromium. melting 
stock for Alloy T-70 was previously treated for 
4% hr at 1300°C in an atmosphere of dry nitrogen, 
after which it contained 11.1 pct nitrogen. Alloy 
T-70 was expected to contain the maximum nitro- 
gen content for alloys of this chromium content. 
The chemical analyses indicated, however, that, re- 
gardless of whether ordinary or high-nitrogen 
chromium was used as melting stock, melting under 
a dry nitrogen atmosphere resulted in a nitrogen 
content of approximately 0.28 pct.. However, alloys 
which were desired to be high in nitrogen had 0.3 
pct nitrogen added to the charge in the form of 
high-nitrogen chromium (containing 11.1 pct nitro- 
gen), to insure an excess of nitrogen during melting. 
Further variations in nitrogen contents were ob- 
tained by homogenizing in either dry nitrogen or 
purified argon. 

The general procedure used for controlling the 
nitrogen content was as follows: Melting and 
homogenizing in purified argon produced alloys 
with the lowest nitrogen contents. Melting in nitro- 
gen and homogenizing in argon produced alloys 
with slightly higher nitrogen contents. Melting in 
argon and homogenizing in nitrogen produced al- 
loys with still higher nitrogen contents. Melting and 
homogenizing in nitrogen produced alloys with the 
highest nitrogen contents. These results show that 
during homogenization, the nitrogen contents of 
cobalt-chromium alloys can be varied over quite a 
range, depending upon the amount of nitrogen 
present in the homogenizing atmosphere. 

From the data in table II, the solubility of nitro- 
gen in cobalt-chromium alloys containing approxi- 
mately 20 pct chromium, at 1260°C and a pressure 
of 1 atm, can be estimated. Alloys which were 
relatively low in nitrogen, as cast, (T-1-B with 
0.011 pct nitrogen and T-1-C with 0.016 pct nitro- 
gen) picked up nitrogen when homogenized in dry 
nitrogen at a temperature of 1260°C (after treat- 
ment, 0.046 pct nitrogen and 0.051 pct nitrogen, re- 
spectively). Alloys which were initially high in 
nitrogen (T-71-A with 0.085 pct nitrogen and 


T-71-B with 0.063 pct nitrogen) lost nitrogen when 
homogenized in dry nitrogen (after treatment, 0.067 
and 0.060 pct nitrogen, respectively). These data 
indicate that, in alloys containing approximately 
20 pct chromium, between 0.051 and 0.060 pct 
nitrogen is in equilibrium at 1260°C with gaseous 
nitrogen at 1 atm pressure. Although similar data 
are not available for the alloys containing 32 pct 
chromium, it is apparent that under a given set of 
conditions, these alloys contain more nitrogen than 
do the 20 pet chromium alloys. 

Since high-temperature alloys are often in con- 
tact with air for extended periods of time at ele- 
vated temperatures, it was of interest to learn 
whether changes occur in the nitrogen contents of 
cobalt-chromium alloys treated in air at normal 
operating temperatures. Samples of 20 and 32 pct 
chromium alloys with both low and high nitrogen 
contents were heated at 900°C (1650°F) for 500, 
1000, and 2000 hr in air and the changes in nitrogen 
content determined. The results of these tests, listed 
in table III and plotted in fig. 2, show comparatively 
small changes in nitrogen content under these 
conditions. 

As previously described under Heat Treatment, 
specimens of homogenized stock were heat treated 
for 50 hr at 25°C temperature intervals and ex- 
amined metallographically to determine the ap- 
proximate effects of nitrogen additions upon the 
alpha plus beta field. The tests showed that nitro- 
gen additions lower the temperature range of the 
alpha-beta transformation. Since the transforma- 
tions in this system are quite sluggish, it was not 
known whether the lowering of the transformation 
was real or whetherit was an apparent effect re- 
sulting from increased sluggishness of the trans- 
formation. To eliminate the factor of sluggishness, 
specimens of both the high-temperature phase, 
alpha, and the low-temperature phase, beta, were 
isothermally treated at various temperatures in the 
range of the transformation. The specimens were 
then examined metallographically to determine the 
phases formed. 

These tests were conducted as follows: Specimens 
of each alloy were heat treated at temperatures 
determined from the blocking-in tests, to obtain 
structures which were predominately beta phase. 
A specimen of the homogenized stock was pre- 
treated at 1200°C for 3 hr to insure a structure 
which was all alpha phase and then transferred hot, 
along with one of the cold beta specimens, to the 
heat-treating furnace. They were held at tempera- 
ture in the furnace for 100 hr and water quenched. 
Metallographic examination of these specimens 
yielded the results which are summarized in fig. 3 
and 4. These show the effect of nitrogen additions 
upon the alpha-beta transformation temperature 
range for alloys containing approximately 20 and 32 
pet chromium. 

Fig. 3 shows a lowering of the transformation 
temperatures with the width of the field remaining 
fairly constant. Fig. 4 shows a lowering of the 
alpha-beta transformation temperatures with the 
width of the field increasing as the nitrogen content 
increases. Additional tests were made for 375 hr in 
order to spot check the curves. The results of these 
tests were in agreement with fig. 3 and 4. 
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Bie 


Fig. 10—Alpha plus beta plus gamma 
precipitate. 


(0.141 pct Ne, 32.1 pct Cr, heat treated for 100 hr at 

870°C). This micrograph at 500X (reduced one third in 

reproduction) is typical of the alpha plus beta plus gamma 

structure observed in cobalt-chromium alloys containing 20 
and 32 pct chromium. 


Table Ill. Changes in Nitrogen Analyses of Cobalt- 
Chromium Alloys after Exposure to Air at 900°C 
. (1650°F) for 500, 1000, and 2000 Hr 


Analysis, Per Cent 


500 Hr at 1000 Hr at 2000 Hr at _ 

Before Test 900°C in Air 900°C in Air 900°C in Air 
Change Change Change 

Alloy Gr Ne Ne in Ne Ne in Ne Ne in Ne 
20-A 18.4 0.003 0.004 -|+0.001 | 0.006 |+0.003 | 0.007 | +0.004 

_ 20-N 19.7 0.065 0.068 |+0.003] 0.070 |+0.005 | 0.067 |-+0.002 
~ 32-A 31.9! +| 0.012 0.012 0.000] 0.019 |-+0.007 | 0.026 | +0.014 
32-N 31.6 0.390 0.395 |+0.005} 0.384 |—0.006| 0.419 | -+0.029 


Determinations of the temperatures at which 
gamma starts to precipitate were conducted as fol- 
lows: A 2%-in. section of bar stock of each alloy 
was pretreated for 3 hr at 1200°C to insure com- 
plete solution of gamma. The specimens were then 
transferred hot to aging furnaces operating at tem- 
peratures which would transform them to beta 
phase. After 100 hr at temperature, the specimens 
were water quenched and a sample procured for 
metallographic examination. The specimens were 
then aged for 50 hr at progressively lower tempera- 
tures (the samples were examined metallographi- 


Fig. 8—(left) Beta 


(0.006 pct Ne. Heat treated for 100 
hr at 751°C): 


Fig. 9—(right) Beta plus gamma 
precipitate. 


(0.70 pct Ne. Heat treated for 100 hr at 
762°C). 


Note: The above micrographs at 500X (re- 
duced one third in reproduction) show the 
effect of nitrogen additions upon the precipi- 
tation of gamma in cobalt-chromium alloys 
containing approximately 20 pct chromium. 
fig. 8 and 9 are micrographs of specimens 
heat treated for 100 hr at 751° and 762°, 
respectively, and show that the precipitation 
of gamma increases as the nitrogen content 

increases. 
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Fig. 11—Alpha plus beta temperature range 


as a function of iron content for cobalt-chromium-iron alloys containing 
20 pct chromium. 


cally after each treatment) until gamma precipitate 
was observed. From the results of these tests and 
the structures observed in the isothermally treated 
specimens, it was possible to estimate the tempera- 
tures at which gamma starts to precipitate. These 
estimated values are also plotted in fig. 3 and 4. 
They show that, at a constant temperature, the 
amount of gamma precipitate increases as the nitro- 
gen content increases. 

The micrographs in fig. 5 to.10 show typical 
structures that were observed in this study. 


The Effect of- Iron Additions on the Alpha-Beta 
Transformation Temperature Range and the Pre- 
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Fig. 12—Alpha plus beta temperature range 


as a function of iron content for cobalt-chromium-iron alloys containing 
32 pct chromium. 


cipitation of Gamma in Cobalt-Chromium Base 
Alloys: The alloys used in this study were melted 
and heat treated in a purified argon atmosphere in 
order to hold the nitrogen content to a minimum. 
The chemical analyses of these alloys are contained 
in table IV. 

As described earlier in this paper, specimens of 
the homogenized alloys were heat treated for 50 hr 
at predetermined temperatures, and examined 
metallographically to determine the phases present. 

The results of this examination are shown 
graphically in fig. 11 and 12. 

It was intended that the study would be con- 


i Cr 
ducted on alloys with Co Gr < 100 = 20 and 32. 


As shown in table IV, the alloys did not exactly 
meet these composition requirements. Consequently, 
corrections were applied to the data before they 
were plotted in fig. 11 and 12. These corrections 


Cr 
Co + Cr 


<< 100 was calculated for each alloy (these values 
are given in table IV). Then by reference to the 
cobalt-chromium binary diagram (shown in fig. 1), 
the respective transformation temperatures for al- 
loys with those chromium contents were noted. The 
difference between each of these temperatures and 
the transformation temperature for the 20 and 32 


were determined as follows: The value of 
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Fig. 13—Alpha plus beta temperature range and 
gamma precipitation 


as a function of nickel content for cobalt-chromium-nickel alloys con- 
taining 20 pct chromium. 


pct chromium alloy, as the case might be, was taken 

as the correction factor. For example, the limits 

of the alpha plus beta field for Alloy T-46, which 
Cr 


has a value of Wornirers <CAL00 = 0 4 rare 03.C 


lower than the limits for the binary alloy containing 
20 pet chromium. Thus, 10°C was added to each 
testing temperature when the data for this alloy 
were plotted. 


Table IV. Chemical Analyses of Cobalt-Chromium- 
Iron Alloys 


Analysis, Per Cent 
Cr X 100 
Alloy ‘Gr Fe Co* Ne Co + Cr 
T-46(Top) 19.20 0.75 80.02 0.003 19.4 
(Bottom) 19.25 0.75. 
T-47-A(Top) 19.20 2:9. 77.87 0.005 19;°3- 
(Bottom) 19.25 2.8 
T-48(Top) 19.25 5:9 74.68 0.003 20.51 
(Bottom) 19.30 6.2 
T-55(Top) 32.5 0.90 65.65 0.003 S379 
(Bottom) 34.5 0.80 
T-56(Top) 31.4 PaaS) 64.0 0.005 34.05 
(Bottom) 34.7 3.0 
T-57(Top) 30.0 6.0 64.0 0.004 31.91 
(Bottom) 30.0 6.0 


* Obtained by difference. 


The curves in fig. 11 and 12 show that additions 
of iron lower the transformation temperature and/or 
increase the sluggishness of the transformation. In 
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taining 32 pct chromium. 


order to determine whether the apparent lowering 
of the transformation was real or whether it was a 
result of increased sluggishness, several tests were 
made using 32 pet chromium alloys in which pairs 
of specimens with all alpha and all beta prior 
structures were heat treated at temperatures in the 
range of the transformation. By considering only 
the phases which were forming at a particular tem- 
perature, the factor of sluggishness was eliminated. 

These tests substantiate the results of the previous 
tests and show that the lowering of the transforma- 
tion temperature range is real and not the result of 
increased sluggishness. 

Gamma precipitate was observed in only one of 
the cobalt-chromium-iron alloys; the one with 


io Cr. = 32 containing 6 pct iron. In cobalt- 
chromium binary alloys, the precipitation of gamma 
from beta phase is a very sluggish reaction. Ap- 
parently, the addition of iron to the system increases 
the sluggishness of the reaction, so that under the 
conditions of testing, gamma did not precipitate. 
The Effect of Nickel Additions Upon the Alpha- 
Beta Transformation Temperature Range and the 
Precipitation of Gamma in Cobalt-Chromium Base 
Alloys: The alloys used in this study were melted 


-and heat treated in an atmosphere of purified argon 


in order to hold the nitrogen content to a minimum. 
Chemical analyses of the homogenized alloys are 
contained in table V. 

Results obtained from the metallographic examina- 
tion of the cobalt-chromium-nickel specimens, heat 


treated for 50 hr at 25°C intervals, are shown 
graphically in fig. 13 and 14. As in the case of the 
cobalt-chromium-iron alloys, temperature correc- 
tion factors were applied to the heat-treating tem- 


Table V. Chemical Analyses of Cobalt-Chromium- 
Nickel Alloys 


| | | Cr X 100 
Alloy Cr Ni | Comal aNe = (Cro 
| | | 
T-22(Top) 19.4 1.02 | 79.62 0.010 | 19.59 
(Bottom) 19.4 0.94 | 
T-23(Top) | 18.8 2.68 | 78.54 0.001 | 19.23 
(Bottom) 18.6 DES tosh 
T-24(Top) 18.7 5:91 875.23 0.004 19.99 
(Bottom) 18.9 6.02 | 
T-82 | 18.4 | 9.10 (2 Sian ae C.0012.1)| 20.24 
T-83 18.1 12.50 69.4 0.002 | 20.70 
T-76(Top) ee aes 14.5 68.85 | 0.003 19.33 
(Bottom) 16.5 14.8 | 
T-31(Top) 31.4 1.01 67.57. | 0.004 | 31.76 
(Bottom) 31.5 0.95 | 
T-32(Top) | 30.6 2.77 66.41 | 0.013 | 31.65 
(Bottom) 30.9 2.91 | 
T-33(Top) | 30.2 6.07 63.84 0.012 | 32.04 
(Bottom) 30.0 6.04 ( 
T-84 30.0 9.14 60.86 0.032 33.02 
T-85 27.4 12.60 60.00 0.018 31.35 
T-77(Top) 264 14.4 59.15 0.020 30.94 
(Bottom) 26.6 14.3 


* Obtained by difference. 


peratures when plotting fig. 13 and 14, to adjust for 
variations in composition. Fig. 13 and 14 show a 
lowering of the alpha-beta transformation tempera- 
ture range and a widening of the field. 

As shown by fig. 13 and 14, increasing amounts of 
nickel raise the gamma precipitation temperature 
until gamma and alpha coexist. This may indicate 
that nickel additions broaden the alpha plus gamma 
field (see fig. 1) and extend it to lower chromium 
contents. 

Since in the cobalt-chromium-nickel alloys it was 
not possible to obtain beta phase free from gamma, 
no attempts were made to determine more accu- 
rately the temperature limits of the transformation 
using the technique described earlier in this paper. 
Consequently, these curves show only trends and 
may be influenced by increased sluggishness result- 
ing from the nickel additions. 


Summary 


Results of this investigation show that nitrogen, 
nickel, or iron additions to cobalt-chromium alloys 
lower the alpha-beta transformation temperature 
range and promote the formation of gamma. The 
effect of nitrogen upon the alpha-beta transforma- 
tion was determined accurately. But the remaining 
studies were not equilibrium studies and, hence, 
show only the trend of the effects. 
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The Growth of Austenite 


As Related to Prior Structure 


by A. E. Nehrenberg 


New austenite is restricted in its growth by the grain boundaries 
in the prior structure, and initially assumes the size and shape of 
the prior grains. The new austenite is equiaxed when the prior struc- 
ture is the result of a high temperature transformation, and is 
acicular in shape when the initial structure is bainite or martensite. 


HE mechanism by which austenite forms in 

steels has received a great deal of attention in 
the literature in past years.”"” Our present knowl- 
edge concerning this mechanism has been recently 
summarized quite concisely by Bain and Vilella, 
while a few years ago the literature was carefully 
reviewed by Roberts and Mehl.’ The consensus is 
that any ferrite-carbide interface is a potential site 
for the nucleation of austenite during heating above 
the A-; temperature, and that the new austenite 
generally grows freely to produce approximately 
equiaxed grains, whether the carbides are initially 
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present in the lamellar or the spheroidal form. In 
the case of eutectoid steels, growth of the new grains 
of austenite continues until contact is established 
with other grains. Then growth stops and an initial 
austenite grain size is established which does not 
change until the heating is continued to some high 
temperature at which grain coarsening begins. In 
the case of pearlitic steels which are not of eutectoid 
composition, the proeutectoid ferrite or carbide may 
interfere with the growth of the austenite if the 
temperature is not above that designated the Acs 
or the Acm, respectively. 

- Although a large amount of work has been done 
to establish the mechanism of austenite formation 
in steels, it became clear to the present author while 
he was studying the transformation characteristics 
of a new 0.25 C Mn-Si-Ni-Mo hypoeutectoid steel® 
that the manner in which austenite grows in steels 


depends upon some factor, or factors, not previously 
considered. This was indicated by the fact that when 
this steel in the spheroidized condition was heated 
above the Ac: temperature the new austenite which 
was formed did not envelop the carbides and grow 
in an equiaxed manner as described by Bain’ for 
spheroidized steels. Instead, in this steel, the aus- 
tenite was observed to grow much more readily in 
certain directions than in others with the result that 
at temperatures within the A-i-Ac’ transformation 
range the austenite grains were acicular in shape. 
The excess ferrite was also found to be acicular with 
the distribution of these phases being such that a 
lamellar pattern was developed. This unusual direc- 
tional growth of austenite in this new steel initially 
in the spheroidized condition is illustrated by fig. 1. 
A search of the literature revealed that this type 
of growth was not necessarily peculiar to this steel 
for similar microstructures had been observed by 
other investigators.** However, the full significance 
of these microstructures does not appear to have 
been appreciated, and no work has been done to 
determine the conditions responsible for this direc- 
tional growth of austenite or to arrive at an under- 
standing of it. It was for this purpose that the work 
described in the present paper was carried out. 


Material: During the course of this investigation 
a total of 15 steels was studied. They consisted of 
hypoeutectoid, eutectoid and hypereutectoid carbon 
steels, and hypoeutectoid and hypereutectoid alloy 
steels, all of which were obtained in the annealed 
condition from: commercial warehouse stock. As re- 
ceived, the carbon and alloy hypereutectoid steels 
had microstructures which consisted of spheroidal 
carbides in ferrite, whereas the eutectoid steel and 
the hypoeutectoid steels were pearlitic. 

The grades of steel represented were 1050, 1080, 
10110, 3310, 4140, 4340, 4615, 6145, 8620, 9260, 9442, 
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2pctCr-Mo, 5pcetCr-Mo, the new Mn-Si-Ni-Mo steel, 
and a 0.9C-1.3Mn-0.5Cr-0.5W oil hardening tool 
steel. It does not seem necessary to tabulate the 
actual analyses of the steels used because they did 
not differ significantly from the nominal composi- 
tions for these grades, and because the. relation 
found to exist between prior structure and the 
manner in which austenite forms in steels is inde- 
pendent of variations in composition within the 
limits studied. 

Procedure: The initial work carried out in this 
investigation was confined to the hypoeutectoid 
steels, and consisted of a study of the microstruc- 
tures produced by heating steels in the following 
prior conditions to various temperatures within the 
Aci-Ac, transformation range: 1. Lamellar pearlite 
plus ferrite. 2. Spheroidal carbides plus ferrite ob- 
tained by tempering martensite at 1200°F for 225 
hr. 3. Spheroidal carbides plus ferrite obtained by 
a high temperature transformation. 4. Martensite. 

For prior condition 1 the steels were used as re- 


ceived from warehouse stock. For conditions 2 and‘ 


4 a 1700°F austenitizing and a water quench were 
employed. Condition 3 was obtained by austenitiz- 
ing the steel in question at about its Av, temperature 
followed by a high temperature transformation. 
Samples about ¥% in. thick were prepared from 
bars in each of the above prior conditions. These 
specimens were heated in lead for 1 hr at tempera- 
tures within the A-i-A-, range and were water 
quenched. After being tempered for 30 min at 400°F 
to darken the areas of martensite that resulted from 


a. 1320°F. ¥% hr. R. 19. 


quenching the austenite formed on heating, the 
specimens were prepared for microscopic examina- 
tion. 

The picral-zephiran chloride etching reagent de- 
scribed by Grange and his associates® was used for 
developing the details of the various structures. 

Later, a carbon steel of approximately eutectoid 
content, and hypereutectoid carbon and alloy steels 
were studied to determine whether the observations 
made in the case of the hypoeutectoid steels applied 
to such steels as well. For this part of the investiga- 
tion a number of ¥% in. thick samples with a pearl- 
itic prior structure, and with a spheroidized struc- 
ture produced by tempering martensite for 100 hr 
at 1300°F, were placed in a lead bath at 1300°F, 
and were held for % hr. At the end of this soaking 
period the samples were heated in the lead bath at 
the rate of 60°F per hr. When 1325°F was reached 
samples representing each of the prior conditions 
were quenched in water. This procedure was re- 
peated for each 5°F interval up to 1450°F. Before 
they were prepared for microscopic examination all 
of the specimens were tempered at 400°F for 30 min 
to darken the areas of martensite that resulted from 
quenching the austenite formed on heating. 

In the final part of this investigation a study was 
made of the mechanism by which austenite forms 
in various prior structures. For this work the 4140 
steel was selected. It was heated at 2250°F for 16 hr 
for homogenization so that there would be a min- 
imum of chemical segregation present. This heating 
also served to develop prior structures which were 
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b. 1340°F. % hr. R, 27.5. c. 1420°F. % hr. R. 44.5. 


Fig. 1—Acicular erouth of austenite grains in a spheroidal structure 


in the new 0.25 C Mn-Si-Ni-Mo steel during heating to various 


quenched from the 4ndicated temperature and tempered 1% hr a 


temperatures within the Aci1-Acs transformation range. Water 
t 600°F. Dark etching structure (tempered martensite) was austenite 


at time of quench. The indicated hardnesses were obtained before the temper. X2000. Etched in picral-zephiran chloride reagent. 
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coarse and in which, therefore, the changes which 
occurred during subsequent heating could be more 
readily observed. 

The four prior structures mentioned previously 
were produced by the heat treatments shown in 
table I. Specimens ¥% in. thick in each of these con- 
ditions were soaked % hr at 1300°F, heated at the 
rate of 60°F per hr and quenched at 5°F intervals 
in the manner described for the eutectoid and 
hypereutectoid steels. A 30 min temper at 400°F 
was again employed to darken the martensite 
present in the quenched samples. 


Table I. Summary of Heat Treatments Employed to Produce 


Various Prior Structures in SAE 4140 


tween the spheroidized structures which result from 
the use of these two different procedures. In the 
most recent publication? on the mechanism of aus- 
tenite formation, the view is expressed that since 
carbide is precipitated and somewhat spheroidized 
during the heating of martensitic structures for aus- 
tenitizing, such structures should austenitize in a 
similar manner to spheroidized structures, but at a 
different rate. 

Fig. 3 shows, however, that the manner in which 
austenite grows in spheroidized structures depends 
upon how these prior structures were produced. 
When the spheroidization is the 
result of a high temperature 
transformation the austenite 


which forms during heating 
above the Aci temperature ap- 


RESULTING 
STEEL HEAT TREATMENT MICROSTRUCTURE 
4140 2250°F 16 hr, water quench Martensite 


2250°F 16 hr, water quench plus 1300°F, 100 hr 

2250°F 16 hr, transferred to furnace at 1325°F, 
held for 16 hr, then air cooled 

2250°F 16 hr, water quench. Reheated at 1325°F 
for 6 hr, then at 1450°F for 1 hr, and 
finally transformed at 1325°F for 16 hr, 
cooled 10°F per hr to 1250°F 


Tempered Martensite 
Ferrite and Pearlite 


Spheroidal Carbides 


in Ferrite 


pears to grow more or less 
freely in every direction, and 
equiaxed grains are developed. 
On the other hand, when the 
spheroidization is the result of 
tempering of martensite, the 


A new etching reagent developed by A. Allten, 
an associate of the author, for use in connection 
with microstructural studies of stainless steels was 
found to be quite useful in this study of the mech- 
anism of austenite formation. Its utility will be 
demonstrated later on. The Allten reagent is used 
electrolytically at 6 volts potential and consists of 
hydrochloric, lactic and tartaric acids dissolved in 
ethyl alcohol in the following proportions: 


ethyl alcohol 225ce 
lactic acid 225cc 
tartaric acid 35g 
hydrochloric acid (conc) 20ce 


The optimum etching time for the steels used in this 
investigation was about 15 sec. 

Formation of Austenite in Pearlitic Structures: 
There are many micrographs in the literature which 
illustrate the nucleation and growth of austenite in 
pearlitic structures. However, it seems desirable to 
include a set of such micrographs in this paper to 
serve as a basis for evaluating the effect of the other 
prior structures investigated. Fig. 2 shows that 
when austenite is formed in pearlitic structures 
growth occurs quite freely in every direction, re- 
sulting in grains which are approximately equiaxed 
while the last ferrite to be transformed is blocky. 
It is well known that this type of growth occurs 
in pearlitic structures, whether the steel is hypo- 
eutectoid, eutectoid, or hypereutectoid in composi- 
tion, so no further comments on this prior condition 
are required at this time. 

Formation of Austenite in Spheroidized Struc- 
tures: Spheroidized microstructures are generally 
produced in either of two ways:* (1) by the high 


* Spheroidization may sometimes also be accomplished by tempering 
pearlite at a temperature just below the A1. It is probable that austenite 
would grow in such a structure in the same manner as it grows in 
pearlite. 


temperature transformation of inhomogeneous aus- 
tenite, or (2) by the tempering of martensite. It 
evidently has not been recognized by other inves- 
tigators that there is a fundamental difference be- 


austenite exhibits an unex- 
pected marked directional growth with the result 
that acicular grains are formed, and the excess 
ferrite also has an acicular, rather than a blocky 
shape. 

That this acicular growth of austenite is by no 
means peculiar to only this hypoeutectoid alloy steel 
is illustrated by fig. 4 which shows the result of 
partially austenitizing a hypereutectoid carbon steel 
and a hypereutectoid alloy tool steel spheroidized 
by tempering. Both steels are shown to exhibit the 
same general mechanism, the only differences be- 
ing that the excess ferrite and the austenite grains 
are more acicular in the case of the alloy steel, and 
that some equiaxed austenite grains formed in the 
carbon steel along with the acicular grains, whereas 
none was observed in the alloy steel. 

The black areas in the microstructures shown in 
fig. 4 for the carbon steel consist of very fine pearl- 
ite, and have been observed before by other inves- 
tigators.* °°, Such areas were not observed 
in any of the alloy steels studied. Their presence 
denotes that the austenite that formerly occupied 
those regions was so low in hardenability as a result 
of its low carbon content that the pearlite reaction 
could not be avoided during the quench.* ® 

In martensitic structures which are not tempered 
before being heated above the Ae temperature the 
austenite grows in the same manner as it was shown 
to grow in thoroughly tempered martensite. This 
is illustrated by fig. 5. 

Composition is not a factor in this behavior be- 
cause the acicular growth of austenite in martensitic 
structures occurred in each of the 15 steels studied 
which covered a wide range of composition. These 
steels consisted of plain carbon hypoeutectoid, 
eutectoid and hypereutectoid steels, and alloy 
hypo- and hyper-eutectoid steels. An explanation 
for this acicular growth of austenite from mar- 
tensitic structures will be offered in a subsequent 
part of this paper. 

Isothermal Formation of Austenite in a Spher- 
oidized Hypereutectoid Carbon Steel: It should now 
be clear that the mechanism described by Bain? for 
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_Fig. 2—Growth of equiaxed austenite grains in 
pearlitic 4340 


during heating to various temperatures within the Aci-Acs temperature 
‘region. Water quenched from the indicated temperature and tempered 
Y% hr at 400°F. Dark etching structure (tempered martensite) was 
austenite at time of quench. X2000. Etched in picral-zephiran chloride 


reagent. «@. . Pearlite heated to 1325°F 1 hr. 0b. Pearlite heated to 
1350°F 1 hr. c¢. Pearlite heated to 1375°F 1 hr. (Slightly reduced in 
reproduction.) 


the formation of austenite from spheroidized struc- 
tures does not apply when the spheroidization is 
accomplished by tempering. Even in the case of 


spheroidized structures produced by a high tem- ~ 


perature transformation it did not appear in the 
early stages of the formation of austenite that the 
growth was occurring in a symmetrical manner 
around carbide particles in the manner to be ex- 
pected on the basis of Bain’s work. In some cases 
there were no carbides visible in the first austenite 


that formed. When there were carbides present they 
did not necessarily appear at the center of a tiny 
austenite grain, but might be located at a corner of 
the grain. 

This difference in the observations made by Bain 
and the present author required some additional 
consideration since Bain’s concept of the symmetri- 
cal growth of austenite around spheroidized car- 
bides has become so firmly established. In the pres- 
ent work steels with normal carbide size were aus- 
tenitized in a conventional manner during continu- 
ous heating, whereas in Bain’s work very coarsely 
spheroidized steels were austenitized isothermally- 
It seemed that the difference in the observations 
might be attributed to the techniques used, and that 
the best way to proceed would be to attempt to 
duplicate the conditions that prevailed in Bain’s 
experiments. Accordingly, the hypereutectoid plain 
carbon steel was subjected to treatments involving 
either cold working followed by subcritical anneal- 
ing, or multiple full annealing with the objective of 
producing extremely coarse carbides. Unfortun- 
ately, carbides as-coarse as those in Bain’s hyper- 
eutectoid pure iron carbon alloy were not obtained 
in the commercial steel, but the treatments em- 
ployed did produce carbides considerably coarser 
than those usually encountered in practice. 

The result of forming austenite isothermally at 
1400°F in this coarsely spheroidized steel is shown 
in fig. 6. It will be noted that in this commercial 
steel it is the exception, rather than the rule, for 
austenite to envelop a single carbide in the early 
stages of its growth. Nucleation evidently occurs 
at a carbide-ferrite interface but the subsequent 
growth bears no relation to the shape or distribu- 
tion of the carbides. Instead, it is indicated in fig. 6a 
and 6b that the austenite does not readily grow 
across the existing ferrite grain boundaries, and 
hence, that its growth is probably confined at first 
within the ferrite grain in which the growth starts. 
Further evidence that the ferrite boundaries offer 
a restraining influence on the growth of austenite 
will be presented later in this paper. 

It was disappointing to the present author to be 
unable to duplicate the mechanism described by 
Bain for the formation of austenite in coarsely 
spheroidized steels, for this would have served to 
define the conditions for which this mechanism 
would apply. As a result of the present author’s 
work the conclusion seems justified that the ideal- 
ized symmetrical growth of austenite around coarse, 
spheroidized carbides occurs rarely in commercial 
steels austenitized in the conventional manner by 
continuous heating. 


Formation of Austenite from Bainite: It can be 
taken as established, therefore, that in steels with 
prior structures of martensite or tempered mar- 
tensite, austenite shows marked preferential growth 
in certain directions, and a lamellar distribution of 
austenite and acicular ferrite exists within the 
transformation range. When the prior structure is 
pearlite, or spheroidite produced by a high tem- 
perature transformation, this marked direction 
growth does not occur, the austenite is more nearly 
equiaxed, and the residual ferrite is blocky. 

It was natural to determine at this point how 
austenite grows in prior structures which were 
formed at intermediate temperatures, that is, in 
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Fig. 3—Growth of austenite in spheroidal structures in 4140 


produced by a. (left) tempering martensite 225 hr at 1200°F and b. (right) by a high temperature transformation. Water quenched from the 
indicated temperature and tempered 44 hr at 400°F. Dark etching structure (tempered martensite) was austenite at time of quench. X2000. 
Etched in picral-zephiran chloride reagent. (Slightly reduced in reproduction.) Top 1360°F. Center 1380°F. Bottom 1420°F. 


bainite. In some work that need not be reproduced 
here it was found that the same directional growth 
of austenite occurs in bainitic structures that was 
described for martensitic structures, whereas the 
equiaxed growth of austenite occurs only in the 
case of prior structures resulting from a transforma- 
tion in the pearlite region. 

The Structure of Martensite: Before the observa- 
tions which were made to establish the mechanism 
by which the acicular growth of austenite occurs in 
martensitic structures are described and discussed, 
some attention should be given to the structure of 
martensite. It will be shown subsequently that it 
is this structure that exerts the controlling influ- 
ence on the growth of the new austenite. 

The fact that martensite has an acicular or needle- 
like structure is well known, and there are many 
excellent micrographs”™” in the literature which 
illustrate this constituent of hardened steels. Many 
individual needles of martensite result from’ the 
transformation of a single grain of austenite, and 
Greninger and Troiano” have shown that each of 
these needles is a single crystal of martensite. 
Baeyertz’ has suggested, on the basis of the similar- 
ity in shape of the ferrite grains produced by tem- 


pering martensite, that each needle of martensite 
becomes a single ferrite grain on tempering. 

The martensite needles form parallel to a given 
crystallographic plane of the parent austenite lat- 
tice. In the case of the medium carbon steels Gren- 
inger and Troiano” have ascertained that martensite 
delineates the {4 4 10} planes of the austenite. This 
orientation habit is a function of the carbon con- 
tent, and is independent of the temperature of 
formation of the martensite, as these authors have 
pointed out. There is also known to be a definite 
relationship between the lattice of martensite and 
that of the parent austenite. Greninger and Troiano” 
have accurately determined this relationship for a 
0.8 pet carbon, 22 pct nickel alloy. 

As a consequence of the orientation relationships 
between martensite and the parent austenite it is 
possible to develop an indication of the prior aus- 
tenite grain size of hardened steel by the use of 
suitable etching procedures.’ An example of this is 
shown in fig. 7a. The darker portions of fig. 7a when 
examined at high magnification consist of needles 
which vary in color from black to almost white. 
This is illustrated by fig. 76. In the lighter portions 
of fig. 7a it is not possible to develop very much 


166—JOURNAL OF METALS, JAN. 1950, TRANSACTIONS AIME, VOL. 188 


etic, oc.y +, 
Vibes oro 
of oq J eo 


1355°F 


1360°F 


1365°F 


aS Me ad De NS er 


Oy ee 
oe On x Re 
ie) eee <* 


ToSset 


ToSZet 


To06ET 


0 


Fig. 4—Acicular growth of austenite in a hypereutectoid carbon steel and in a hypereutectoid alloy tool steel 


spheroidized by tempering 100 hr at 1300F. a. (left) 1.10 pct carbon plain carbon steel. b. (right) 9.90 pct C—1.30 Mn—0.5 Cr—0.5W steel. 


Specimens were heated at the rate of 60°F per hr and 
Dark etching areas were austenite at time of quench. X2000. 


contrast between the various needles of martensite 
as fig. 7c shows. All three of the micrographs in 
fig. 7 were obtained from a hardened, untempered 
sample of 4140 steel given a single etch. 

During the tempering of martensite the tetragonal 
crystal structure becomes cubic and there are a pre- 
cipitation and agglomeration of carbides. The re- 
sulting ferrite retains the orientation and acicular 
shape of the martensite needles from which it 
forms. This is illustrated by fig. 8 which contains 
three micrographs for 4140 hardened to martensite, 
and tempered at 1300°F for 100 hr. It will be noted 
that these micrographs are similar to those shown in 
fig. 7 for untempered martensite. The prior austen- 
ite grain size is still indicated as fig. 8a shows. Also 
in the darker portions of fig. 8a good contrast can 
be developed between the ferrite grains (fig. 8b) 
but not in the lighter portions (fig. 8c). 

Observations similar~to these were made about 
25 yr ago by Hanemann and Schrader” and formed 
- the basis for their epsilon-eta hypothesis. In brief, 
these authors believed that martensite consists of 
two metastable phases of different carbon contents. 
As a result of the microscopic examination of tem- 
pered samples it was concluded that the epsilon 
crystals after tempering consisted of ferrite with a 
small amount of precipitated carbide whereas the 
eta crystals consisted of ferrite with a great deal 
of carbide. Furthermore, that the ferrite resulting 
from the decomposition of the epsilon phase etched 
differently from that obtained from the eta phase. 


were quenched when the indicated temperatures were reached. Tempered 14 hr at 400°F. 
(Slightly reduced in reproduction.) Etched in picral-zephiran chloride reagent. 


However, later work has shown that in steels*™ ®: * 
and other alloys’: * the martensite transformation 
involves no diffusion. A more reasonable explana- 
tion for the differences in etching behavior of the 
individual martensite grains, and of the ferrite 
grains which result from them on tempering, is 
that this is attributable to differences in their lattice 
orientations, particularly since a great deal of con- 
trast can be developed in certain fields with little 
contrast in other fields in the same microsection. 

Since it has not been previously recognized in 
this country that etching differences exist in the 
ferrite of tempered martensite, it would perhaps 
be well to record a few observations on the effect 
of etching time with the new etching reagent, and 
on the effect of using different standard reagents. 
Fig. 9 shows the effect of a 5 and a 15 sec electrolytic 
etch in Allten’s reagent, and of a 15 sec immersion 
etch in the picral-zephiran chloride reagent on the 
appearance of a single field in a sample of 4140 steel 
quenched to form martensite, and thoroughly tem- 
pered by a 100 hr heating at 1300°F. The specimen 
was repolished lightly after each etch.* 


* Different inclusions appear in the micrographs but this is because 
the inclusions were not large enough to persist through the repolishing 
operations. 


It will be seen in fig. 9 that alternate acicular 
ferrite grains are etched in 5 sec in the Allten 
reagent whereas the intervening grains are only 
barely attacked. A 15 sec etch in this reagent fully 
develops the carbides in the more resistant ferrite, 
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Fig. 5—Acicular growth of austenite in martensite of 
the 4340 steel 


heated within the Aci-Acs temperature region. Water quenched from 
the indicated temperature and tempered 1%4 hr at 400°F. Dark etching 
structure (tempered martensite) was austenite at time of quench. a. 
(top) Martensite heated to 1325°F 1 hr. b. (center) Martensite heated to 
1350°F 1 hr. c, (bottom) Martensite heated to 1375°F 1 hr. X2000. Etched 
in picral-zephiran chloride reagent. Slightly reduced in reproduction. 


but begins to overetch the readily etched ferrite. 
The use of a longer etching time, as in fig. 8b which 
was discussed previously, results in a considerable 
amount of roughening of the readily etched ferrite.. 

Results similar to those shown in fig. 9a and 9b 
can be obtained by using nital, but this reagent does 
not delineate the carbides as satisfactorily as the 
Allten reagent. When picral is used, on the other 


hand, the differences in etching behavior of adja- 
cent acicular ferrite grains are no longer apparent 
as fig. 9c shows. 

The Mechanism of the Formation of Austenite in 
Martensite or Tempered Martensite: Since some 
tempering must occur during the heating of mar- 
tensite up to and above Ac: temperature, the real 
difference between the initial conditions termed 
martensite and tempered martensite in this paper 
is in the extent of the tempering, that is, in the de- 
gree of agglomeration of the carbides. In the case of 
the martensitic prior condition little time was avail- 
able for this agglomeration, whereas an unusually 
long time was allowed for the tempered condition. 

The rate of austenite formation was affected by 
the degree of tempering, but the mechanism of the 
formation of austenite from either martensite or 
tempered martensite must be fundamentally the 
same because similar microstructures were pro- 
duced by partially austenitizing samples in either 
condition. The only difference that could be de- 
tected was that the width of the elongated grains 
of austenite and residual ferrite appeared to be 
slightly greater in the samples which had been pre- 
viously tempered at 1300°F for 100 hr. The reason 
for this will become known later in this paper. 

Micrographs which illustrate the mechanism of 
the formation of austenite in martensite which had 
been tempered by a 100 hr heating at 1300°F prior 
to being heated above the Aci temperature are con- 
tained in fig. 10. In these micrographs the slightly 
dark etching structure (tempered martensite) de- 
notes areas that were austenite when the specimens 
were quenched. 

The exact locations at which the new austenite 
shown in fig. 10a and 10b was nucleated could not 
be observed because the smallest areas of new aus- 
tenite contain the sites of both ferrite-ferrite and 
ferrite-carbide interfaces. Since it is commonly 
accepted that the work involved in the formation 
of a nucleus of a new phase is a minimum at grain 
boundaries, and since all of the smallest new aus- 
tenite grains which were observed throughout the 
course of this investigation contained ferrite-ferrite 
interfaces, it appears reasonable to conclude that 
the nuclei formed in these boundaries, probably at 
points where carbides are located. 

In the case of areas in which it was possible to 
develop good contrast between adjacent acicular 
ferrite grains, it appeared that the early growth was 
confined within the grains most resistant to etching. 
Examples of this are shown in fig. 10. It will be 
noted that there is a sharp grain boundary between 
the new austenite and the ferrite in which it is 
growing only at the sites of the former ferrite boun- 
daries. The growth seems to occur from opposite 
sides of a ferrite grain toward the center until that 
grain is completely transformed. Then, the inter- 
vening ferrite grains are transformed by growth 
from the former sites of the ferrite grains most 
resistant to etching. 

Why the early growth of austenite should appear 
to be confined to the one type of ferrite is difficult 
to understand. Since the difference in the ferrite is 
believed to be one of orientation, the implication 
is that one orientation of ferrite is more favorable 
for the growth of austenite than another. Whether 
this is true or not, it seems clear that the growing 
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Bie 6—Isothermal eeaiwih of nastenite in a 1.10 pet carbon, plain carbon steel coarsely ephoroldized by 
: multiple full annealing. 
as Samples 1% in. thick were heated in lead at 1400°F for the indicated times and quenched. Tempered at 400°F for 1%4 hr. Dark areas were 


austenite at time of quench. a. 25 sec. b. 30 sec. c¢. 40 sec. d. 60 sec. @. 100 sec. f. 120 sec. X2000. Etched in picral-zephiran chloride 
reagent. 


Fig. 7—Martensite in 4140 steel. 


Etched electrolytically in Allten’s reagent. a. X150. b. 
One of the higher contrast areas in (@) at 2000 diam. mag. 
c. One of the lower contrast areas in (@) at 2000 diam mag. 
(Slightly reduced in reproduction.) 
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Fig. 8—Martensite in 4140 steel tempered 100 hr 
at 1300°F. 


Etched electrolytically for 30 sec in Allten’s reagent. 4. 150X. 0b. 

One of the higher contrast areas in (a) at 2000 diam mag. ¢. 

One of the lower contrast areas in (a) at 2000 diam mag. (Slightly 
reduced in reproduction.) 


a b c 


Fig. 10—Nucleation and growth of austenite in martensite 


in 4140 steel which had been tempered by a 100 hr heatin ° i i 
i g at 1300°F prior to being heated above the A i 
noe Heated continuously at the rate 60°F per hr, quenched from the temperatures indicated, and tempered % hr at 400°F Reon 
etching areas were austenite at time of quench. X2000. Etched electrolytically in Allten’s reagent. a. 1400°F. b 1410°F, 


c. 1450°F, 

austenite does not readily cross ferrite boundaries austenite therefore 
Les, assumes the shape of The 

particularly when the adjacent grains have consid- cular ferrite grains in which it Bene its een 

erably different lattice orientations, and the new Mechanism of the Formation of Austenite i 
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within the ferrite grain in which the austenite 
started to grow with the result that it assumes the 
shape of the prior ferrite grain. The differences in 
the shape of the austenite grains produced in prior 
structures spheroidized by a temper, and in those 
produced by a high temperature transformation, are 
attributable to the fact that the ferritic matrix con- 
sists of acicular grains in the former case and equi- 
axed grains in the latter. 

It is further indicated by fig. 11 that it is possible 
to develop by means of a suitable etching procedure 
differences in the adjacent ferrite grains in a high 
temperature transformation product which are com- 
parable to those previously described for the ferrite 
resulting from the tempering of martensite. In fig. 
lla there are three distinctly different orientations 
of the ferrite grains. Some of them are roughened 
(darkened) as a result of being slightly overetched, 
others are properly etched and appear to be white 
and contain well defined carbide particles, and still 
others are underetched, that is, have not been etched 
sufficiently to develop the carbides clearly. Now, it 
seems even more likely that the differences in the 
etching characteristics of the ferrites in tempered 
martensite are attributable to differences in orien- 
tation because it is hard to believe that there could 
be any other factor that could cause these similar 
differences in a ferritic matrix resulting from a 
eu high temperature transformation. 
nies 
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Fig. 9—Effect of different etching reagents on the 
microstructure of tempered martensite in 4140 steel. 


All three photographs are of the same field. The specimen was repolished 
to remove the previous etch before being re-etched. 2000. _ (Slightly 
reduced in reproduction.) @. (top) 5 sec electrolytic etch in Allten’s 
reagent. 6. (center) 15 sec electrolytic etch in Allten’s reagent. c¢. (bot- 
tom) 15 sec immersion in picral-zephiran chloride reagent. 


Fig. 11—Nucleation and growth of austenite in 
_ spheroidite 


in 4140 steel produced by a high temperature transformation. a. (top) 
1390°F. b. (bottom) 1450°F. Specimens were heated continuously at 
the rate of 60°F per hr, quenched from the indicated temperature, and 
tempered 14 hr at 400°F. Darker etching areas were austenite at time of 
quench. X2000. Etched electrolytically in Allten’s reagent. (Slightly 
_reduced in reproduction.) ne 


Spheroidal Structures Produced by a High Tem- 
perature Transformation: Fig. 11 shows that the - 
mechanism of the formation of austenite in sphe- 
roidal structures produced by a high temperature 
transformation is similar to that just discussed for 
spheroidized structures produced by tempering mar- 
tensite. That is, nucleation appears to have occurred 
in ferrite boundaries, and the growth is confined 
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Fig. 12—Stability of acicular ferrite 


in new 0.25 C Mn-Si-Ni-Mo steel held at 1350°F for a. (above)—1 hr, b. 
(below) 136 hr. Water quenched and tempered 14 hr at 600°F. Prior 
condition as rolled. (Bainite plus martensite.) 2000. (Slightly reduced 
in reproduction.) Picral-zephiran chloride etch. 


Finally, it is clear from fig. lla that the orienta- 
tion of the ferrite is not a factor in the growth of 
austenite in this prior structure, for it can be seen 
that growth is occurring simultaneously in three 
ferrite grains of three different orientations. It may 
very well be, then, that the observation that aus- 
tenite appeared to grow preferentially in the etch 
resistant ferrite in the case of tempered martensitic 
structures may not have been entirely reliable. In 
fig. lla it can be seen that the most readily etched 
ferrite grains are about as dark as the areas which 
were austenitic at the time of quenching. It would 
therefore be extremely difficult to ascertain whether 
or not the readily etched ferrite areas in tempered 
martensite contained austenite when quenched from 
above the Aci temperature. 


Stability of Acicular Ferrite at High Tempera- 
tures: Since equiaxed ferrite grains can be formed 
by the transformation of austenite at temperatures 
as low as 1000°F, it seemed somewhat surprising to 
observe in this investigation that the acicular ferrite 
resulting from the tempering of martensite, or from 
the bainite reaction, does not become equiaxed 
when heated above the Aci temperature. In order 
to find out how long the acicular ferrite could re- 
tain its shape in a hypoeutectoid steel at tempera- 
tures within the Aci-Ac, region samples of the new 
Mn-Si-Ni-Mo steel were heated for various periods 
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Fig. 13—Early stages in nucleation and growth of 
austenite in lamellar pearlite and ferrite in 
SAE 4140. 


Specimens were heated continuously at rate of 60°F per hr, quenched 
from indicated temperature, and tempered 14 hr at 400°F to darken 
the martensite formed from the austenite present at time of quench. 
a (top) 1380°F. 6. (center) 1390F. c. (bottom) 1390°F. X2000. 
Etched in picral-zephiran chloride reagent. 


of time ranging from 1 to 136 hr at-1350°F, and 
were examined to ascertain the distribution of the 
austenite and ferrite in each sample. The tempera- 
ture used is about 50°F above the Ac: temperature 
for this steel which was selected for this experiment 
because it has a wide spread between the Ac and 
Acs temperatures. 

Fig. 12 shows that the ferrite and austenite tend 
to become less acicular with time, but that this 
change takes place very slowly. Evidently, the aci- 
cular shape is very persistent even though the steel 
is heated for long periods of time at temperatures 
as much as 300°F higher than that at which equi- 
axed ferrite grains form from austenite by isother- 
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mal transformation. Fig. 12b indicates that even at 
the end of 136 hr at 1350°F the austenite and ferrite 
are still far from assuming the equiaxed, or equilib- 
rium shape. 


Formation of Austenite from Lamellar Pearlite 
plus Proeutectoid Ferrite in 4140 Steel: In the 
course of this investigation some observations were 
made in connection with the formation of austenite 
in the 4140 steel in the pearlitic condition which 
have not been described in the literature, and there- 
fore seem worth recording here. The annealing 
cycle which was used to produce lamellar pearlite 
in this steel resulted in the separation of the pro- 
eutectoid ferrite in the grain boundaries of the prior 
austenite. The very first austenite to form during 
subsequent heating was located in this ferrite. Many 
areas similar to the one shown in fig. 13a were ob- 
served while there were relatively few instances in 
which the directional growth like that shown in fig. 
136 was seen. Ordinarily it is considered that in 
hypoeutectoid steels nucleation of austenite first 
occurs in pearlite areas.’ *~* In fig. 13c the growth 
of austenite in ferrite areas is farther advanced than 
it is in the adjacent pearlite areas. 

Another interesting observation is that most of 

_ the last ferrite to transform to austenite actually 
did not exist as such in the initial structure. Instead, 
this last ferrite came from pearlite colonies from 
which the carbon diffused as the heating progressed. 
This is illustrated by fig. 14. Fig. 14a illustrates the 
initial structure which consisted of proeutectoid 
ferrite at the prior austenite grain boundaries with 
a number of different pearlite colonies within the 
grain. Fig. 14b shows the effect of heating this struc- 
ture to 1425°F at the rate of 60°F per hr. It will be 
noted that the transformation to austenite has oc- 
curred at a greater rate in the vicinity of the prior 
austenite grain boundary than it has within the 
grain, and that much of the proeutectoid ferrite has 
been transformed. By the time 1450°F is reached 
most of the prior proeutectoid ferrite has been 
transformed and there are now ferrite areas within 
the prior austenite grain where there were only 
pearlite colonies before. 


Summary 


In this investigation it was shown that a relation 
-exists between prior structure and the manner in 
which austenite grows during heating above the 
Ac: temperature. In steels partially transformed to 
austenite when the prior structure is pearlite, or 
spheroidite produced by a high temperature trans- 
formation, the austenite that forms grows in an 
equiaxed manner and the excess ferrite is blocky. 
When the prior structure is martensite, tempered 
martensite, or bainite, on the other hand, the aus- 
-tenite and ferrite grains are acicular in shape and 
lamellar microstructures consisting of these alter- 
nate acicular grains of austenite and ferrite are de- 
veloped. This relation was found to hold for hypo- 
eutectoid, eutectoid 
steels and for hypoeutectoid and hypereutectoid 
alloy steels, that is, for steels in general. 

In order to arrive at an understanding of this 
relation between prior structure and the mode of 
austenite. formation a study was made of the me- 
chanism by which austenite forms in steels. It was 


and hypereutectoid carbon. 


Fig. 14—Evidence of diffusion of carbon in SAE 4140 
from pearlite colonies during transformation. 


Note in (c) that most of the last ferrite to be transformed is located 
within the prior austenite grains in areas formerly occupied by pearlite, 
and that only small amounts of the proeutectoid ferrite at the prior 
austenite grain boundaries are untransformed. Temperatures indicated are 
those reached on continuous heating at the rate of 60°F per hr. 
Quenched specimens were tempered 14 hr at 400°F to darken the marten- 
site formed during the quench. X250. Picral-zephiran chloride etch. 
(Slightly reduced in reproduction.) a. (above) Initial structure. b. (center) 
1425°F. c. (bottom) 1450°F. 


found that the new austenite does not grow freely 
in the manner assumed by previous investigators, 
but is confined in the early stages of its growth 
within the boundaries of the ferrite grain in which 
it happens to start its growth. It therefore assumes 
the shape of that ferrite grain. When the ferritic 
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matrix is equiaxed as a result of a high tempera- 
ture transformation the austenite grains are equi- 
axed, and when the ferrite grains are acicular as 
they are in tempered martensite or bainite, the 
initial austenite grains are also acicular. 

Certain similarities between the microstructures 
of untempered and tempered martensite were men- 
tioned. It was shown that in tempered martensite 
there are regions in which adjacent acicular ferrite 
grains are attacked at different rates by certain 
etching reagents, and that there are corresponding 
areas in untempered martensite in which adjacent 
needles are also etched differently. It was suggested 
that these differences are the result of differences 
in the lattice orientations of the martensite needles 
and of the acicular ferrite grains which result from 
the tempering of martensite. The prior austenite 
grain size was shown to be delineated in thoroughly 
tempered as well as in untempered martensite 
which indicates that the orientation relationships 
between the parent austenite and the martensite are 
not changed by the tempering operation. In other 
words, during the tempering of martensite there is 
a collapsing of the tetragonal lattice and a precipi- 
tation and agglomeration of carbides without a 
change in the lattice orientation of the ferrite. 
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The Elastic Coefficients of 


Single Crystals of Alpha Brass 


by Raymond W. Fenn, Jr., Walter R. Hibbard, Jr., and Henry A. Lepper, Jr. 


From tension and torsion experiments on single crystals of alpha brass, the 
following values were obtained for elastic coefficients: (Unit: 10 cm’ per dyne) 


Sus 
Elastic anisotropy Su—2 (S.—S..) 
—S» 


Poisson’s ratio Se 


HIS paper reports the results of static tension 
and torsion tests made on single crystals of 
alpha brass for the purpose of determining its elas- 
tic coefficients. 70-30 alpha brass was chosen be- 
cause it has been used extensively in the study of 
the plastic deformation and because it has the fol- 
lowing desirable characteristics: (1) face-centered 
cubic structure, (2) marked elastic anistropy, (3) 
low elastic modulus. 
In 1928 Masima and Sachs* using static methods 
reported the following values for the elastic co- 
efficients of 72-28 pct alpha brass: 


Su = 19.4 % 10 cm’ per dyne 
Sp». = —8.35 X 10 cm’ per dyne 
Sap 13,9--X<- 1077). em" per.dyne 


These values were obtained from the measure- 
ments shown in fig. 1. The experimental points for 
both tension and torsion lie consistently below the 
lines drawn to represent them. Fig. 2 shows the 
stress-strain curves for their specimens. Only a few 
points in the elastic range of these curves were 
available to obtain their values for Young’s modu- 
lus. Therefore, it was considered that a re-evalua- 
tion of these data was desirable. 

In addition a variation of from 1.13 to 1.485 kg 
per mm* was found inthe values of the critical 
resolved shear stress for 70-30 alpha brass reported 


_by Burghoff,’ Treuting and Brick,’ Martin,* Maddin, 


Mathewson and Hibbard’®*® and von Gdler and 
Sachs.’ Therefore, it was desired to evaluate the 
conclusion of Boas and Schmid*® that a constant 
resolved shear stress and not a constant elastic 
shear initiates plastic deformation. 


Theoretical Considerations*: The elastic deforma- 
tion of cubic crystals may be defined by three elastic 
coefficients (Su, Sv», Su) or three elastic parameters 


* For a recent comprehensive review, see Ref. 9. 


71.2 pct Copper 77.4 pct Copper 
18.82 17.10 
—9.45 —8.23 
15:55 14.90 
—40.99 —35.7 
0.502 0.482 


(Cu, Cu, Cu). These coefficients or parameters are 
sufficient to define the stress and strain relations 
for cubic crystals in the generalized form of Hooke’s 
law referred to Cartesian coordinates. 

Elastic parameters and coefficients in the cubic 
system are related by the expressions: 


e Sie Sa 

Ca Se eS) [1] 
— Sie 

Re 8S SSRN [2] 

Ca = Sa [3] 


It is possible to determine all the elastic coeffi- 
cients for a cubic metal by measuring two of the 
three elastic constants: Young’s modulus (£), tor- 
sion modulus (G), or compressibility (S). The fol- 
lowing relations exist between crystallographic 
orientation and E, G and S for cylindrical crystals 
of the cubic system: 


Bey es ae [(Su — Sw) ae ee 


E 
(yr Yo ae Yo Ys + Ys yn) [4] 
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1 
aS Su ob 4 [Su ra: Sis) a “9 Sul 
(yr? ve) + ys ye + ye ys) [5] 
S = Su + 2'Sp [6] 
where: yi, yz ys represent the cosines of the 
angles between the stress axis and the respec- 
tive cube poles. 
Young’s modulus, E, is determined by the slope 


of the elastic portion of the load-strain curve for 
the tension test. The torsion modulus, G, is calcu- 


a 
G 


Fig. 1— Effect 
of orientation 
on reciprocal 
elastic modulus 
for tension and 
torsion. 
(Masima and Sachs) 
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1/GX 10 
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lated by the usual formulas of mechanics of ma- 
terials from the slope of the elastic part of the 
torque-twist curve. 

The reciprocal values of Young’s modulus and 
the torsion modulus calculated from the experi- 
mental results may be plotted against a function 
of orientation (direction cosines, y,? y.2-- y.? y? + 
Ys ¥:1). Since Eq 4 and 5 express a linear relation- 
ship between these quantities, extrapolation of the 
reciprocal moduli to a zero value of direction 
cosines evaluates the coefficients S. and S, from 
the tension and torsion data respectively. Eq 4 and 
5 may then be solved simultaneously to obtain a 
value for the coefficient S.. 

The elastic anisotropy” can then be evaluated 
by the expression ; 


and Poisson’s ratio” becomes 
wes 
ae om [8] 


TENSILE STRENGTH IN KG/MM= 


ELONGATION IN % 


Fig. 2—Tensile stress-strain curves for single 
crystals of alpha brass. 
(Masima and Sachs) 


The expression for the resolved shear stress” is: 


ie? 
PPR Se 9 
Peer | sin % cos d [9] 
where: s = resolved shear stress 
Je == Ikoeye! 
A = cross sectional area 
x% == angle between the axis of the speci- 
men and the operating glide plane 
h = angle between the specimen axis 


and the slip direction 
At the initial onset of extensive plastic yielding, 
this above expression becomes the critical resolved 
shear stress. 
Resolved shear” is obtained using the following 
relationship: 


1 : 
= — : Xo ——niCOS do 10 
t ana. B/ od sin ] [10] 
where: t = shear 
(sme WA where: 1, = original length 


1 = final length 
% and \) as above for original orientation. 
The value of the elastic shear at the critical re- 
solved shear stress” (i.e. maximum elastic deforma- 
tion) follows from the equation: 


4 1 


Py 
[(Su — Su) + = Su) tm + vee 


Ye 3. 
[Su — 2 (Su — Su)] ts [11] 
where: ty, = a sin % cos h 
(i.e. critical resolved shear stress) 
and 
Tay A COS NAN] SU eink 


Experimental Procedure: Single crystals 9/16 in. 
in diam were made by Bridgman’s method” of slow 
solidification from the melt, at a rate of 4.8 in. per 
hr. Crystals made in this manner were then given 
an homogenization anneal of 22 hr at 800°C to 
minimize chemical coring. 

Orientations of the crystals were obtained by the 
back-reflection Laue technique as developed and 
described by Greninger.” Usually at least four X ray 
photograms were taken at 90° intervals around the 
circumference of the crystal at the center, and the 
resulting orientation values averaged. The prob- 
able accuracy of the orientation determinations in 
all cases is better than 1°, and in most cases is 
probably within %° of the true orientation. 

The lineage structure (13) type of crystal im- | 
perfection was noted in almost all crystals from the 
multiplicity of Laue spots appearing on the X ray 
photograms. The maximum spread between spots 
from a single plane was 5°. The average maximum 
value of lineage structure observed on all crystals 
was 114°. 


Specimen Preparation: Machining the crystals in 
a lathe followed by a suitable electrolytic polish 
was found to be the most expedient means of pre- 
paring the crystals for test. The tension specimens 
were machined to the following dimensions: 6 in. 
long with a reduced section 24% in. long by % in. 
diam. The torsion specimens, which contained no 
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-countered, sufficient accuracy for 


reduced section, were machined to 5/16 in. diam 
by 5% in. long. The crystals were turned at slow 
speeds taking a chip of approximately 0.002 in. in 
the early stages and 0.001 in. in the finishing opera- 
tion. 

Subsequent to machining operations, the gauge 
length of the crystal was electrolytically polished 
to produce a smooth, stress-free surface which was 
suitable for microscopic examination. An elec- 
trolyte, suggested by Rodda,“ of chromic acid (200 
g per liter of water) was contained in a stainless 
steel cathode pot suitably masked with paraffin at 
the bottom, in order to minimize the tapering ef- 
fect brought about by its shape. The crystals were 
polished at one minute intervals for 15 min., utiliz- 
ing a current density of 6.5 amp per sq in., while 
agitating the solution constantly. A total of ap- 
proximately 0.026 in. was removed from the dia- 
meter of each specimen. 

To ascertain that all crystals were free from 
machining effects prior to testing them, three or 
four X rays were taken at the center of each crystal 
at 90° positions on the periphery. Absence of Laue 
spot distortion was interpreted as evidence that the 
crystals were free from significant measurable 


* strains exceeding the elastic limit. 


Tension Tests: The tensile specimens were ex- 
tended in a Southwark Emery testing machine at a 
rate of loading of approximately 100 lb per min. 
Load values could be estimated to 5 lb and the 
scale was accurate within + 1 pet. 

Strain measurements were made with SR-4 
bonded resistance wire strain 
gauges (A-1 and A-8 types) in 
all cases except Crystal No. 6, 
in which case two Huggenberger 
extensometers were utilized. An 
SR-4 portable strain indicator, 
Type K, was used for the meas- 
urements with the wire gauges. 
With such equipment strain read- 
ings of increments as small as 
2% millionths of an inch per 
inch can be estimated without 
difficulty. The accuracy of the 
strain readings is within = 1 pct, 
as determined by the manufac- 
turer’s calibration of the gauge 
factor. These gauges thus pro- 
vide high sensitiveness for ob- 
servation of the small strains en- 


6000 


5000 


4000 


3000 


STRESS (P.S.1) 


the definition of the modulus to 2000 
+ 1 pct and can be cemented to 
the specimen without marking 
the surface or producing high 
local stresses such as occur at the 
points of attachment of mechani- 1000 
cal extensometers. 

Particular care was taken in 
these tests to obtain accurate 
axial alignment of load and 
specimens axis. The maximum ok 
stress, S, produced by a load P Cy) 200 
eccentric by an amount “e” in a 
specimen of circular section is 


=) 


where A is area and r is radius of the section. Thus 
for a % in. diam specimen, the maximum stress is 


increased 0.8 pct above the average for each 0.001 


in. eccentricity. Since plastic deformation will occur 
when the maximum stress becomes sufficient, yield- 
ing will start at an unduly low average stress de- 
pendent upon the amount of eccentricity. This can 
result in the appearance of a false anelastic portion 
of the stress-strain curve, and misleading values 
of critical resolved shear stress. If average strain 
is measured and plotted against average stress, 
then the slope of the curves and value of E will 
remain correct for the straight line portion despite 
eccentricity of load. 

The tensile grips used here consisted of ball bear- 
ing supported gimbals holding the clamps on the 
ends of the specimen. For the relatively light loads 
in these experiments friction in the gimbal sup- 
ports was found to be negligible. The specimen 
fixed in its clamps could be adjusted by set screws 
to position the specimen axis accurately with re- 
spect to the crossing axis of the gimbal bearings. 
This adjustment was made by trial until the strains 
were equal around the specimens. 

Either three or four SR-4 gauges were suitably 
placed on each crystal by means of nitrocellulose 
cement at 90° intervals around the circumference 
of the crystal. Two were placed perpendicular to 
the plane containing the specimen axis and the 
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Fig. 3—Tensile stress-strain curve for single crystal of alpha brass. 
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Fig. 4—Tensile shear-strengthening curve for 
single crystal of alpha brass No. 31. 


slip direction in order to assure comparable de- 
formational measurements in the plastic range. 
The strains of these two gauges were compared 
with each other in the strain indicator box. Upon 
loading the crystal, both gauges would change re- 
sistance at the same rate, producing zero deflection 
of the indicator needle, if the specimen axis and 
the stress axis were in alignment. If perfect align- 
ment were not obtained, the strain indicator needle 
would deflect in proportion to the applied load and 
the amount of eccentricity. Therefore, by loading 
to 200-300 lb in the elastic range, the alignment 
could be readjusted by means of the set screws so 
that there was no deflection of the indicator needle. 


VE X 10> MMZ/KG. 


° 080 160 -240 -320 
ORIENTATION FUNCTION 


Fig. 5—Effect of orientation on reciprocal elastic modulus 


. for tension (71 pet copper alloy). 


If the indicator needle remained undeflected as the 
load was removed, this indicated that the align- 
ment was satisfactory in one direction. It then re- 
mained to obtain satisfactory alignment in the 
direction at 90° from these gauges. This was ac- 
complished by matching the third gauge against 
one of the first two, or, when the crystal had four 
gauges, matching the two remaining gauges against 
each other. The variation in strain readings around 
the specimen was held to about 1 pct. 


Torsion Tests: A torsion balance similar to that 
of Goen’s” was constructed in order to obtain the 
free torsion modulus. The torsion wheel was 
mounted on precision ball bearings which had a 
considerable amount of end play. This arrange- 
ment gave a no-load sensitivity of 0.3 g (7.7 g per 
cm torsion moment). 

Torsion measurements were obtained by measur- 
ing the deflection of a beam of light reflected from 
two mirrors which were fastened to the surface of 
the specimen along the same cylindrical element. 
Two calibrated traveling microscopes were read to 
0.001 mm permitting twist measurements within 
one second of arc. 

The load was applied by means of calibrated 
weights added at intervals which permitted accu- 
rate reading of the microscopes. The alignment of 
the stress axis with the specimen axis was accom- 
plished by centering the grips on the torsion wheel 
axis (torsion axis) and then sliding the axis suffi- 
ciently to permit subsequent insertion of the speci- 
men. 


Chemical Analysis: All crystals were analyzed 
for copper to determine the amount of zinc which 
had been lost by vaporization and the amount of 
segregation which occurred during the melting and 
solidification, respectively. The electrolytic method 
was used for the determination of copper, as de- 
scribed by the A.S.T.M. Standards.” A  spectro- 
graphic analysis for impurities showed the Pb, Fe, 
Si to be less than 0.01 pct. 


Experimental Results 


Tension: Typical stress-strain and shear-strength- 
ening curves are shown in fig. 3 and 4, respectively. 
The large number of observations in the elastic 
range together with the close definition of the line 
illustrates the sensitiveness of the apparatus used. 
Sharp yield points as illustrated were obtained on 
most crystals. However, some specimens showed a 
marked anelastic region resulting in slow yielding, 
the cause of which is not apparent. Eccentricity, 
rate of loading and faulty application of gauges 
are possible causes. It is apparently not an inherent 
function of orientation, since it was found with 
crystals in different portions of the stereographic 
triangle. In one case, the same crystal produced a 
gradual yield and later after loading adjustments, 
a sharp yield. 

Reciprocal Young’s modulus is plotted against 
the direction cosines in fig. 5 for crystals averaging 
71 pet copper (68.3-73.9 pct). These data closely 
define a straight line, which, when extrapolated to 
zero value of the orientation function, gives an 
intercept value of 18.82  10™ cm? per dyne which 
is the value of the elastic coefficient S,,. 
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The values of critical resolved shear stress 
(C.R.S.S.) were calculated for all crystals whose 
data were suitable for this purpose. Seven crystals 
having a composition of 71.2 + 1.25 pct copper 
gave an average C.R.S.S. value of 1900 psi (1.33 kg 
per mm’) with an average error of + 1 pct (table © 
T). In view of the relatively complete coverage in 
the stereographic triangle (fig. 6) it is considered 
that these values are a strong substantiation of the 


1200 
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Ts Fig. 6—Orientation of single 
21 20 crystals used to determine 
critical resolved shear stress 
for 71 pct copper alloy. Upper 
number indicates _ crystal; 
lower number indicates criti- 
cal resolved shear stress in 


SHEAR AT YIELD 
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° .080 .160 . 240 320 
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Fig. 7—Effect of orientation on the shear at yielding 
(71 pet copper alloy). 
iti eerie . critical resolved shear stress formulation of Schmid 
Critical Resolved Shear Stress and Elastic Shear ‘ A ; : 
and Boas* for specimens of circular cross-section. 
Average Elastic It appears therefore that the large variations in 
ae ee ear ne eae | Ontentation critical resolved shear stress previously reported 
are entirely the result of surprisingly large experi- 
16 72.5 1890 1.33 44.05 0.275 mental differences. 
2 Zoe 1950 1.35 45.9 0.023 Also in table I are the values of the elastic shear 
20 70.0 1920 1.35 33.3 0.321 ve 
21 70.2 1895 1.33 30.3 0.333 at the critical resolved shear stress (y,.). The 
i a alee aK ra See elastic shear is approximately constant only for 
ie aa pee 133 ae one orientation functions (direction cosines) below 
: : 1 : ; about 0.24, above which the shear decreases due 
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Fig. 8—Torsion stress-strain curves for single crystals of alpha brass (71 pet copper eagle 
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Fig. 9—Orientation of single crys- 
tals used for torsion tests (71 pct 
copper alloy). 


copper alloy). 


to the increase in the value of the second term of 
Eq 11. The average value (40.0 x 10°) is lower 
than that of Masima and Sachs* (43.3 x 10°) which 
may be explained by their critical resolved shear 
stress (1.44 kg per mm’) compared to the lower 
value (1.33 kg per mm’) used in the present in- 
vestigation. 

Resolved shear (t of Eq 10) at the critical re- 
solved shear stress shows a decrease with increasing 
value of direction cosines (fig. 7). The significance 
of these data is questionable, since the calculation 
assumes a crystallographic elastic deformation 
mechanism just before yielding the same as that 
occurring during plastic deformation. These values 
of resolved shear are not constant, and the scatter 
of points suggests that it is not of basic importance 
to the slip process. 

Torsion: Although the torsion balance was con- 
structed so as to allow flexure torsion coupling, 


Table II. Elastic Coefficients 


Average 
Copper Su S12 S44 Su Si2 S44 


Content, pct 10-18 cm? per dyne 10-5 mm? per kg 


ae) 18.82 —9.45 15.55 18.45 a Pc 15.25 
4 17.10 —8.23 14.90 16.75 —8.07 14.60 


specimens whose torsion axes corresponded to 
cubic, dedecahedral or octahedral poles were chosen 
for the torsion tests whenever possible because 
their symmetry minimized the error for deviations 
from free torsion. Fig. 8 shows the results of the 
torsion tests on crystals having an average of 71.9 
+ 1.2 pct Cu with orientations as shown in fig. 9. 
An extrapolation of the reciprocal torsion modulus 
to zero value of direction cosine (fig. 10) gives an 
intercept value of 15.55 x 10° cm’ per dyne, the 
value of Sy. Substitution in Eq 4 and 5 gives —9.45 
x 10 cm’ per dyne for the elastic coefficient S... 


Effect of Composition: Zinc loss during remelt- 
ing resulted in a group of crystals having an aver- 
age copper content of 77.4 + 1.0 pct. Fig. 11 and 12 
show the results of the tension and torsion tests, 
respectively, on these crystals. The effect of in- 
creasing the copper content is to decrease the recip- 
rocal Young’s modulus and also the reciprocal 
torsion modulus. The values obtained for the elastic 
coefficients of the higher copper alloy are listed in 
table II. This decrease in S,, with increasing copper 
content substantiates the value (S,, = 13.3 x 10™ 


Fig. 10 — Effect of orienta- 
tion on the reciprocal elastic 
modulus for torsion (71 pet “ 


10.0 


20.0 


30.0 


VG X 10 MM /KG 


40.0 


JUS 100 200 300 
ORIENTATION FUNCTION 
cm® per dyne) determined by Goens and Weerts” 
for unalloyed copper rather than that of Kimura” 
(16.4 x 10). 
Discussion of Results 

The values for the elastic coefficients of alpha 
brass (71.2 pet Cu) shown in table II are somewhat 
lower than those reported by Masima and Sachs.” 
However, there would be rather good agreement 
between these two sets of values if the extrapola- 
tions of Masima and Sachs had been drawn through 
their experimental points rather than above them 
as shown in fig. 1. The reason for their choice of 
extrapolation is not apparent. 

The values for the elastic coefficients for alpha 
brass (77.4 pct Cu) shown in table II indicate that 
the numerical values of these coefficients increase 
with increasing zinc content. These data are con- 
sistent with the values for unalloyed copper re- 
ported by Goens and Weerts,” which, when plotted 
against weight percent zinc in alpha brass, approxi- 
mated the following linear relationships (unit: 10 


em’ per dyne): 


Su == 14.9 + 0.118 (wt pct Zn) 
Si = —6.3 — 0.095 (wt pet Zn) 
Su = 13.3 + 0.074 (wt pet Zn) 


The evaluations of elastic anisotropy in table III 
indicate that increasing zine content increases both 
the elastic anisotropy and Poisson’s ratio for alpha 
brass, as would be expected. Again using Goen’s 
and Weert’s” values for unalloyed copper, the fol- 
lowing linear relationships were approximated: 

Su — 2 (Su — Sv) = —29.04 —0.30 (wt pct Zn) 
B= — Svp/Su = 0.420 + 0.0028 (wt pct _ 

Unit: 10 cm’ per dyne 

The value of 1.33 kg per mm? for the critical re- 
solved shear stress of alpha brass (71.2 pct Cu) is 
lower than the values of Masima and Sachs,* 

von Gédler and Sachs,’ Burghoff? and Martin,* put 
higher than the values of Maddin, Mathewson and 
Hibbard. * The accuracy of the experimental 
method and the small average deviation (0.01 kg 
per mm”) of the values strongly substantiates the 
critical resolved shear stress law of Boas and 
Schmid.* The average elastic shear at the critical 
resolved shear stress was 40.0 x 10°, somewhat 


180—JOURNAL OF METALS, JAN. 1950, TRANSACTIONS AIME, VOL. 188 


24.0 


VE X 10> MMZ/KG. 
@ 
o 


0 é 
° 080 160 . 240 320 


ORIEN TATION FUNCTION 


Fig. 11—Effect of orientation on the reciprocal elastic 
modulus for tension (77 pet copper alloy). 


lower than the values of Masima and Sachs’ as 
might be expected from their higher values for the 
critical resolved shear stress and elastic coefficients. 
The variation in this elastic shear was as predicted 
from the critical resolved shear stress law. 


Summary: From tension and torsion experiments 
om single crystals of alpha brass, the following 
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Fig. 12—Effect of orientation on the reciprocal 
elastic modulus for torsion (77 pct copper 
alloy). 


Nelson assisted in the construction of the torsion 
apparatus and the preparation of single crystal 
specimens. The Bridgeport Brass Co., Bridgeport, 
Conn., and the American Brass Co., Torrington, 

: Conn., kindly fur- 


Table III. Measure of Elastic Anisotro 4 
PY nished the brass rod. 
Eas! E) Min. ©: Max. G. Mia Poissours from which the single 
aes kg per mm? Be per mm? Be pee mm2 kg per mm? ee Reps crystals were made. 
er Cent Direction irection irection Direction S41—2(S11—-Si2 12 : 
Copper 111 100 100 111 Cm? per dyne x 107% eer The Type K strain 
Su indicator was a gift 
71.2 19050 5420 6550 2180 —40.99 0.502 to Hammond Labora- 
77.4 19400 5960 6850 2230 35.7 0.482 tory from the Yale 
Metallurgical Alumni. 
values were obtained for elastic coefficients: (Unit: References 
10°* cm’ per dyne ? 
per dyne) !M. Masima and G. Sachs: Ztsch. Phys. (1928) 50, 


71.2 pct Copper 77.4 pct Copper 


Su 18.82 i 17.10 

S12 —9.45 —8.23 

S44 15.55 14.90 
Elastic anisotropy S44—2(S11—S12) —40.99 —35.7 
Poisson’s ratio -Si12/Si1 0.502 0.482 


Using the values of Goens and Weerts” for un- 
alloyed copper, approximate linear relationships 
were found for the change in the elastic coefficients 
with composition. 

A value of 1.33 kg per mm’ (1900 psi) was de- 
termined for the critical resolved shear stress of 
alpha brass (71.2 pet Cu). The small average de- 
- viation of 0.01 kg per mm’ strongly substantiates 
the critical resolved shear stress law of Boas and 
Schmid.* The elastic shear at the critical resolved 


shear stress averaged 40.0 x 10° and varied from © 


25.3 x 10° to 53.7 x 10°, depending upon orienta- 
tion. : 
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The Alloy Systems 


Uranium-Aluminum and Uranium-lron 


The phase diagrams for the systems uranium-aluminum and 
uranium-iron have been determined. For each system several inter- 
metallic compounds occur. The solid solubility in the terminal 


phases is very limited in all cases. 


by Paul Gordon and A. R. Kaufmann 


HE large-scale manufacture and use of uranium 

in conjunction with the atomic energy develop- 
ment during the war led to a need for knowing the 
equilibrium diagrams of uranium with various 
other metals. The alloys of uranium with aluminum 
and with iron were among the first that were 
studied for this purpose. Much of the work was 
done in the manner of a survey since it was neces- 
sary to determine the important features of the 
phase diagrams rather than to obtain completely 
detailed results. For this reason no attempt was 
made to locate exactly such features as liquidus 
lines, solid solubility limits and compound and 
eutectic compositions. It is believed, however, that 
there are no great inaccuracies in the diagrams 
reported here and that no important points were 
overlooked. 
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Earlier work on alloys of uranium with alum- 
inum and iron is almost nonexistent and in each 
case is considered to have been of little value by 
M. Hansen." It is interesting to note, however, that 
the compound UAI, was first reported in 1902 by 
L. Guillet. 

Experimental Procedure 

Materials: The uranium used for making most 
of the aluminum alloys was obtained from material 
prepared by Metal Hydrides, Inc., and melted in 


vacuum at M.I.T. Because of the lack of an ade- 
quate supply of metal, it was necessary to use Ma- 
terial from several different batches and hence it 
is impossible to state an exact analysis. However, 
a few results indicated about 0.01 to 0.03 pct iron 
and probably about 0.03 to 0.05 pet carbon. Toward 
the end of the work a small amount of metal was 
obtained from Brown University and from Iowa 
State College and this was used in determining the 
transformations in pure metal and in some dilute 
alloys. All of the aluminum used in this investiga- 
tion came from a supply of high purity metal 
(greater than 99.9 pct aluminum) which was ob- 
tained through the courtesy of Dr. Mehl of the 
Carnegie Institute of Technology. 

The uranium used for making the alloys with 
iron was produced by the bomb reduction process 
which has been described by J. Chipman.’ This 
metal, after vacuum melting, contained about 99.9 
pet uranium by weight with carbon and iron as 
the chief impurities. Electrolytic iron containing 
about 0.012 pct carbon, 0.020 pct nickel and 0.009 
pct copper was used in making the melts. 


Melting Equipment: The melting of the alloys 
went through a stage of development which cul- 
minated in the use of beryllia or beryllia-lined 
crucibles and in the use of high frequency heating 
in either vacuum or in an atmosphere of argon. 
It was found that uranium at a few hundred de- 
grees above its melting point would pick up alum- 
inum and to a lesser extent silicon from an alundum 
thimble while aluminum above 1000°C would ex- 
tract silicon from the impure alundum. No reaction 
of either metal with beryllia was noted at tempera- 
tures as high as 1800°C. The distillation of alum- 
inum from the aluminum-rich alloys was quite 
troublesome at temperatures above about 1300°C 
and was only partially avoided by the use of argon 
instead of vacuum. Melting in resistance furnaces, 
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without the benefit of eddy current stirring, was 
found to produce worthless alloys because the ex- 
treme difference in density of the metals made the 
attainment of a homogeneous alloy very difficult. 
Induction heating largely overcame this difficulty, 
although a considerable amount of segregation oc- 
curred during the solidification of the melt in the 
crucible. No attempt was made to cast the alloys 
which were only about 1 or 2 cu in. in volume. The 
final ingots were sufficiently homogeneous for all 
but the most exacting studies and for such purposes 
it was usually possible, by means of metallographic 
inspection, to select a satisfactory portion of the 
specimen for closer examination. 

Fig. 1 shows the melting equipment which was 
used extensively with a 20 KVA Ecco converter. 
The apparatus worked satisfactorily for melting by 
direct induction up to 1800°C. There was vigorous 
eddy current stirring which usually broke the oxide 
skin at the top of the metal. A vacuum of about 
10° mm Hg could be obtained in this equipment 
with mercury diffusion pumps, although during the 
initial heating the pressure often rose as high as 
10* mm Hg. The materials to be melted were placed 
into the cold crucible and then either heated to a 
, specified temperature or heated until the stirring 
of the metal indicated a thorough mixing of the 
liquid, after which solidification was allowed to 
take place. 


Examination of Specimens: The ingots as solidi- 
fied were examined for segregation and poor alloy- 
ing-by grinding and polishing a flat portion the 
length of the specimen, followed by metallographic 
examination. If the alloy passed this inspection, a 
portion was cut off for chemical analysis and for 
a more detailed metallographic and X ray exam- 
ination while the remainder was used for thermal 
analysis. 

Most of the alloys were given a chemical analysis 
and usually the results were fairly close to the in- 
tended composition. However, there were a number 
of discrepancies which were caused partly by in- 
homogeneity in the alloy and partly by unsatis- 
factory chemical technique. This was particularly 
true in the aluminum-rich alloys where the chemi- 
eal procedure failed completely. It was necessary 
to use spectrographic analysis in such cases, and 
this had an added advantage in that small regions 
of the alloy could be selected under the microscope 
and then be broken out for analysis. The uncer- 
tainty as to the exact composition of some of the 
alloys made it difficult to fix the precise location 
- of some of the phases, but with the aid of X ray 
diffraction patterns and~ critical metallographic 
examinations, it was possible to arrive at fairly 
satisfactory conclusions. _ 

Metallographic polishing was accomplished by 
mounting the specimens in bakelite and then going 
through the usual series of abrasive papers and 
ending on a silk-covered wheel with magnesia as 
abrasive. The specimens containing large amounts 
of intermetallic compounds had to be handled care- 
fully in the rough grinding in order to prevent tear- 
ing out the brittle phases. The alloys containing 
up to 67 at. pct aluminum or iron were usually 
given a brief electrolytic etch in a solution of 5 
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Fig. 1—Induction melting furnace. 


parts phosphoric acid, 5 parts ethylene glycol and 
8 parts ethyl alcohol, while the higher aluminum 
alloys were etched with a 1 pct hydrofluoric acid 
solution. The high iron alloys were etched with 
nital. 

X ray diffraction patterns were made in a Debye- 
Sherrer camera, using powders formed by filing 
the softer alloys and by grinding the brittle com- 
pounds in an agate mortar. It was necessary to 
anneal the filings in evacuated quartz tubes to get 
sharp lines, but the grindings gave satisfactory pat- 
terns without any treatment. The uranium-rich 
powders usually gave a weak pattern of UO.,, but 
this did not interfere with observation of the lines 
due to the metal. Several attempts were made to 
quench uranium-rich powders from about 1000°C 
by breaking the quartz capsule under water, but 
this always yielded nothing but UO.. Calibration 
of the X ray film was done by means of tungsten 
lines. 


Heat-treatment of Specimens: Most of the alloys 
were examined as solidified but in certain cases it 
was necessary to heat-treat and quench. This was 
accomplished by sealing off specimens, which were 
about % in. diam, in an evacuated quartz tube 
which was broken under water for the quench. The 
quartz tube was fastened to a block of nickel which 
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served both to give a uniform temperature in the 
furnace and to act as a hammer for breaking the 
quartz. 

It was found that the uranium-rich alloys would 
react with the quartz at temperatures above 1000°C 
and pick up enough silicon to alter the microstruc- 
ture. In order to avoid this, the specimens were 
placed inside tiny cups of BeO and then sealed up 
as before. This technique was satisfactory up to 
about 1300°C, at which temperature the devitri- 
fication of the quartz became serious. A small 
amount of heat-treatment at temperatures up to 
1400°C was carried out in an atmosphere of puri- 
fied helium which was maintained under slight 
pressure inside a Zircofrax tube. This arrangement 
gave sufficient protection from oxidation to allow 
at least several hours heat-treatment. Some of the 
aluminum-rich alloys were heat-treated at 500° to 
600°C for as long as a week in a vacuum of about 
10° mm Hg without serious oxidation. 


Fig. 2—Apparatus for thermal measurements. 


Fig. 3 (below)—Uranium-Aluminum equilibrium 
diagram. 

[Le] ‘Thermal measurement determinations. Determinations by 

chemical analysis of liquid in equilibrium with solid. Numbered 

circles indicate X ray and microscopic determinations. 1. Uranium 

and UAle. 2. Uranium. 3. Liquid. 4. Liquid and UAle. 5. 
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Thermal Measurements: After removing a por- 
tion of the ingot for metallographic examination, 
the remainder of the specimen was used for thermal 
analysis. A hole’ was drilled into the softer speci- 
mens to receive the thermocouple while the harder 
and more brittle alloys were crushed to a powder 
which was packed around the thermocouple. A 
bare thermocouple was used for some of the lower 
temperature measurements in the solid state, while 
a magnesia tube was used for protection against 
the uranium-rich alloys at higher temperatures 
and a quartz tube inside a magnesia tube was used 
for the high-aluminum alloys. This amount of pro- 
tection was necessary because of the aluminum 
vapors which quickly attacked the platinum-plati- 
num-rhodium thermocouple. 

Observations were made in a resistance furnace 
using the inverse rate method and taking readings 
every 5°C, although this was sometimes reduced 
to 1°C. The heating or cooling rate generally was 
about 5° to 10°C per min, but sometimes was as 
low at 1°C per min. Several attempts were made 
to secure a constant rate of heating or cooling. One 
of these consisted of using a temperature controller 
and two thermocouples to maintain a constant tem- 
perature difference between the specimen and the 
furnace. This procedure was satisfactory in the 
lower ranges of temperature, but led to spurious 
effects above about 1200°C. A variation of the 
technique was to maintain the temperature differ- 
ence manually instead of with a controller and this 
was more satisfactory since it avoided the small 
fluctuations due to the on-and-off cycle of the con- 
troller. Another method consisted of driving the 
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Fig. 4—Microstructures of cast Uranium-Alumi- 
num alloys. 


Electrolytic etch. 100X. a. 5 at. pet Al; UAle at grain bound- 

aries and within grains of uranium-rich eutectic. b. 20 at. pct 

Al; dendritic and grain boundary UAle in uranium-rich eutectic. 
c. 49 at. pct Al; massive UAle in uranium-rich eutectic. 


temperature setting of the controller slowly up or 
down, but this again did not give a sufficiently 
smooth variation. The procedure which was finally 
adopted was simply to raise or lower the voltage 
applied to the furnace by increments large enough 
to effect a change of about 200° to 400°C in the 
temperature and then to conduct readings during 
the time that the rate of change of temperature 
was satisfactory. This meant a certain amount of 
repetition in order to get the temperature ranges 
to overlap but the method still was considered 
more satisfactory than the others. 

The thermal measurements up to about 1550°C 
were made in the apparatus shown in fig. 2. Most 
of the work was done in a vacuum of the order of 
10° mm Hg, but occasionally an argon atmosphere 
was used. The quartz tube, which formed the 
vacuum chamber, was prevented from collapsing 
at the high temperatures by the thin graphite tube 
inside of it. The quartz lasted a long time at tem- 
peratures up to 1300°C, but was good for only 
about 10 to 20 hr at 1400°C and 2 to 4 hr at 1500°C. 
A few rough observations were made at tempera- 
tures above 1550°C using induction heating in the 
regular melting furnace and reading temperature 
as a function of time. 


Experimental Results—Aluminum Alloys 


The results of all the work are indicated in the 
equilibrium diagram given in fig. 3. This may. be 
briefly summarized with the statements that the 
solid transformations and melting point of uranium 
are not greatly altered by aluminum, that three 
intermetallic compounds with the formulas UAL, 
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UAIL,, and UAI,; occur in the system and that there 
is no extensive solid solubility of either metal in 
the other. The black points in fig. 3 give the results 
of thermal measurements during heating and the 
numbered circles in conjunction with the legend 
indicate the phases observed by X ray and micro- 
scopic examination of specimens quenched from 
the temperatures shown by the circles. Micrographs 
and X ray diffraction patterns in support of the 
diagram will be described below. 

The solid transformations and melting point of 
uranium occur at about the temperatures shown in 
the diagram, that is, alpha to beta at 655°C, beta 
to gamma at 765°C, and gamma to liquid at 1125°C. 


Electrolytic etch. a. 100X. Quenched from 1000°C; UAle in 

uranium-rich matrix. b. 100X. Quenched from 1090°C; UAle 

in uranium-rich matrix. c. 100X. Quenched from 1120°C; 
dendritic structure indicating complete melting. 


All attempts to fix these temperatures more accu- 
rately gave inconclusive results, presumably be- 
cause of insufficient purity of the metal. The rate 
of heating or cooling influences the temperature of 
transformation and accordingly several heating 
runs were made at the slow rate of 1°C per min. 
Under these conditions the transformations seemed 
to occur over a range of about 5°C instead of at 
a definite temperature as was the case when the 
heating rate was greater. A sample of metal (from 
Brown University), which was alleged to be pure, 
gave more difficulty in this respect than some of 
the Metal Hydrides material. The former material 
seemed to melt as high as 1135°C, but the latter, 
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- which was used for the bulk of the alloys, melted 
around 1125°C. 

The solid transformations of uranium persisted 
without any great change in the aluminum alloys 
up to the first compound, UAI,. Because of the un- 
certainty in the transformation temperatures of the 
pure metal, it was difficult to decide if any signifi- 
cant change did occur in the alloys. The data in- 
dicate about 15°C lowering of the beta to gamma 
transformation to about 750°C and no change in 
the alpha to beta transformations. Quenching of 
the pure metal or the aluminum alloys did not re- 
tain any high temperature phases and thus was 
useless for obtaining the precise transformation 
temperatures. 

A second phase is apparent in even the most 
dilute aluminum alloys as cast, and the amount of 
this phase increases continuously with the alum- 
inum content until at about 67 at. pct aluminum 
the alloy becomes one phase. These changes are 
illustrated in the micrographs of fig. 4. 

The solidus temperature of the uranium-rich 
alloys is lowered to about 1105°C as shown by the 
thermal measurements and since this temperature 
remains the same all the way to UAI. it is believed 
that a eutectic reaction occurs. No typical eutectic 
structure is apparent in the uranium-rich alloys 
and this makes it difficult to fix the eutectic com- 
position by microscopic examination. The lack of 
such a structure is believed to be caused by the 
fact that the eutectic occurs so much closer to 
uranium than to UAI, that the amount of the latter 
phase is very small at this composition. However, 
the thermal measurements (shown in fig. 3) and 
various quenching experiments, to be described 
below, fix the general locality of the eutectic at 
about 5 at. pet aluminum. Liquidus lines were not 
satisfactorily observed at this portion of the dia- 
gram and hence these could not be used to locate 
the eutectic composition. 

The maximum solid solubility of aluminum in 
gamma uranium was determined to be about 4 to 
5 at. pct at 1105°C as shown by the quenching ex- 
periments illustrated in fig. 5 and 6. It can be seen 
that some precipitated UAI. persists up to the 
eutectic temperature in the 5 at. pct alloy, but that 
it all goes into solution in the 2.5 at. pct specimen. 
The existence of the eutectoid at the beta to gamma 
transformation has been assumed on the basis of 
a slight lowering of the transformation tempera- 
ture in the alloys but the exact location of it is un- 
known. No precision lattice parameter measure- 
ments were attempted, so it is not known to what 
extent the aluminum remains in the alpha uranium 
after quenching. However, an age hardening effect, 
which will be described later, indicates that the 
aluminum does remain in solution. 

X ray diffraction patterns of alloys with increas- 
ing aluminum content substantiate the conclusion 
that no additional phases exist between uranium 
and the compound UAIL.. The identification of this 
compound as UAI, is based on microscopic exam- 
ination of the alloys and on the crystal structure 
determined by X rays. Because of the difficulty 
with chemical analysis and inhomogeneity in the 
alloys the micro-examination could not fix the 
location to better than about + 2 at. pct. The X ray 


crystal structure analysis was not carried out far 
enough to give a unique molecular formula for the 
compound, but comparison of the density obtained 
by direct measurement with that calculated from 
the measured unit cell gave fairly good substan- 
tiation to the formula UAL; values of sin’@ using 
copper K-alpha radiation are given table I. The 
lines may be indexed on a diamond cubic pattern 
with a,—= 7.74 A. This must mean that there are 8 
uranium atoms to a unit cell, since the scattering 
from the aluminum atoms is very small, and hence 
there would be 16 aluminum atoms in a unit cell 
if the formula UAI, is correct. With this number of 
atoms to a cell, the X ray density is 8.38 g per cm’, 
while the measured density is 8.21 g per cm’*. This 
is a fairly good check considering the experimental 
difficulty of getting a sound and homogeneous alloy, 
but the result probably is not good enough to prove 
the formula UAL. A calculation of line intensities, 
which would prove this point, was not made at 
M.L.T. 

The melting point of UAI, was not uniquely de- 
termined because of the difficulties encountered at 
high temperature. The thermal effect shown at 
about 1590°C is believed to be significant, but it 
was obtained under poor conditions using induc- 
tion heating. No evidence of an appreciable solid 
solution range on either side of this compound was 
found. 

The next phase on the aluminum side of UAI, is 
the compound UAl,, and in this case the formula 
has been proven to be correct by an X ray crystal 
structure determination. The sin’@ values together. 
with the line intensities and indices for the diffrac- 
tion pattern of UAI, are given in table II. The pat- 
tern is that of a simple cube with relatively small 
deviation from the expected line intensities. This 
must mean that the uranium atoms are at the cor- 


Table I. X Ray Diffraction Results for UAI,: Diamond 
Cubic Lattice: a, = 7.74 A (true unit). 


Sin?Q* hkl Line Intensityt 
0.0314 111 W toM 
0.0816 220 S 
0.1126 311 S 
0.1615 : 400 W 
0.1922 331 M 
0.2425 422 S 
0.2714 Bid 335 S 
0.3208 440 M 
0.3505 5311 M 
0.3994 620 M 
0.4305 533 M to W 
0.4790 444 W 
0.5088 PAY 551 WtoM 
0.5574 642 S 
0.5868 731,553 S 
0.6362 800 VW 
0.6660 7 ge i) Vw 
0.7113t 822 MtoS 
0.74087 555 MtoS 
0.78827 840 M 
0.81747 911 M 
0.86457 664 M 
0.89407 931 M 


* Values obtained with Cu-K alpha radiation ary 
+ Last six values obtained with Cu-K alpha, radiation 
£ VW—Very Weak 

W—Weak 

M—Medium 

S—Strong 


ners of a cube and, if aluminum atoms are placed 
at the faces of the cube, the calculated line intensi- 
ties check very closely with the observed values. 
The lattice parameter of the cube is 4.27 A and, 
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Fig. 7—Microstructures of cast Uranium-Aluminum alloys. 
One pct HF acid etch. a. 100X. 70 at. pct Al; massive UAle and UAls. b. 100X. 80 at. pct Al, heated to 710°C for 40 hr; 
massive UAls (dark) and massive UAls (light). Matrix is one or both of the two compounds finely divided. c. 500X. 92.5 at. 
pct Al; massive UAls and coarse eutectic of UAls and Al. d. 99 at. pct Al; eutectic of UAls and Al. 
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Fig. 8—Microstructures of quenched 92.5 at. pet 
Aluminum alloy. 


One pet HE acid etch. a. 100K. b. 1000X. hed f, 
750°C; massive UAls in dendritic matr Se ae 


ix of UAls and Al. c. 
500X. Quenched from 675°C; massive UAls in eutectic pathic 


of UAls and Al. 
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Fig. 9—Uranium-Iron equilibrium diagram. 
°—_Thermal measurement determinations, 


wv Fig. 10—Microstructures of Uranium-Iron alloys in the as-cast condition. 


Electrolytic etch. a. 500X. 1.0 at. pct iron; largely eutectoid of UsFe and U. Matrix is uranium phase. b. 500X. 9.65 at. 
pet iron; peritectic structure; large globules of U in UsFe matrix; precipitated UsFe particles in U globules. 
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Table Il. X Ray Diffraction Results for UAI,: Simple 
Cubic Lattice: a, = 4.27 A (true unit) 


Table III. X Ray Diffraction Results for UAI,: 
Structure not Determined 


Line Intensity? 


Sin?Q* hkl Line Intensityt Sin?Q* Line Intensityf Sin2Q* 
0.0345 100 S 0:0166 W 0.3689 W toM 
0.0679 110 S 0.0345 W 0.3893 We 
0.1007 111 S 0.0454 W 0.4012 vw 
0.1343 200 S 0.0529 VW to W 0.4081 COA 
0.1667 210 S 0,0602 Mto §$ 0.4184 vo 
0.2005 211 S 0.0965 M 0.4269 ve 
0.2621 220 Mto$ 0.1126 M 0.4408 vW. 
0.2951 300,221 M to S 0.1243 VW to W 0.4948 aw 
0.3290 310 M 0.1255 VW to W 0.5035 
0.3622 311 S 0.1427 VW to W 0.5245 Ms 
0.3944 222 W to M 0.1477 VW 0.5349 Mere 
0.4269 320 M 0.1615 W 0.5679 ui 
0.4599 321 M to S 0.1693 0.5834 gsi 
0.5262 400 W 0.1720 W 0.5954 W to 
0.5574 410,322 MtoS 0.1746 W 0.6039 ¥ 
0.5886 411,330 M 0.1827 W 0.6260 W 
0.6227 331 M 0.1853 vw 0.6429 
0.6561 420 M 0.2033 vw 0.6595 M 
0.6872 421 M 0.2189 vw 0.6693 W 
0.7176 332 W to M 0.2380 S 0.6824 W 
0.7839 422 MtoS 0.2500 Vw 0.7254 W 
0.8147 500,430 W toM 0.2652 M 0.7486 W 
0.8499 510,431 M to S 0.2824 W toM 0.7737 W 
0.8797 511,333 W toM 0.2903 W toM 0.7854 W toM 
0.2951 W toM 0.8078 W to M 
* Values obtained with Cu-K alpha radiation mates veo M Nes Me 
VW Very Weak 0.3290 VW 0.8692 M 
tek 0.3439 W to M 0.8864 W 
M—Medium 0.3488 WtoM 0.8983 W 
Sar oone 0.3605 MtoS 


taking one uranium atom and three aluminum 
atoms to a unit cell, a calculated density of 6.8 g 
per cm* is obtained. The measured density is only 
6.4 g per cm’, but the disagreement with the cal- 
culated value is due to the difficulty in getting a 
homogeneous specimen of fairly large size. 

Alloys between UAI, and UAI, show a two-phase 
structure with each constituent in massive form as 
shown in the micrograph, fig. 7a. This structure, 
along with the clear-cut thermal data shown in 
fig. 3, proves that UAI, forms by means of a peri- 
tectic reaction between UAI, and liquid. The peri- 
tectic temperature, as observed on alloys during 
heating, is located at about 1350°C. No attempt was 
made to determine the exact extent of the peritectic 
line into the liquid field. 

A third compound, which is considered to be 
UAI;, occurs on the aluminum side of UAI,. The 
chief evidence for the existence of this compound 
is given by X ray diffraction patterns and by the 
consistent thermal data, which indicate a peritectic 
reaction between UAI, and liquid at about 730°C 
(fig. 3). The formula UAI, has not been definitely 
proven since the crystal structure has not been ob- 
tained from the X ray diffraction pattern; the 
sin’@ values and line intensities, however, are listed 
in table III. Metallographic examination places the 
compound in the vicinity of UAI,, but again diffi- 
culties with inhomogeneity and chemical analysis 
precluded a more precise determination. 

Cast alloys between UA], and UAI, exhibited a 
rather indecisive two-phase structure which con- 
tained the two compounds in massive form in a 
matrix composed largely of the same two phases 
in a finely divided state. This microstructure per- 
sisted even after a fairly long heat treatment just 
below the peritectic temperature as shown in fig. 
7b. Some of this matrix probably also was alum- 
inum due to the peritectic reaction not having gone 
to completion, but there was not enough of it to ap- 


* Values obtained with Cu-K alpha radiation 
7 VW—Very Weak 


S—Strong 


pear in the diffraction patterns. Thermal measure- 
ments usually gave a weak indication of the eutectic 
at 640°C (between UAI, and Al) in the alloys lying 
between UAI;,; and UAI; and this was apparently 
due to residual aluminum. An 80 pct aluminum 
specimen which was annealed at 700°C for about 
a week gave only a very feeble effect at 640°C, 
whereas in the cast condition this thermal break 
had been much stronger. 

Alloys on the aluminum side of UAI,; exhibit a 
strong thermal effect at 640°C (fig. 3) which is due 
to a eutectic reaction between UAI, and aluminum 
as revealed by the micrographs in fig. 7c and 7d. 
The eutectic composition has been placed at about 
1.7 at. pet uranium (13 wt pct) by noting the inter- 
section of one of the liquidus lines with the eutectic 
horizontal. Points on the liquidus line in this 
instance were obtained by chemical analysis of sam- 
ples of the liquid which were in thermal equilib- 
rium with the compound at a series of tempera- 
tures.* These results have been plotted in fig. 3 and 


* This work was done several years after the phase diagram determina- 
tion and was carried out by G. Bitsianes and E. Hayes at. Massachusetts 
Institute of Technology under contract #W-7405-eng-175. 
the undetermined portion of the liquidus line has 
been drawn to join the known part. 

The existence of the eutectic and peritectic re- 
actions in this range of alloys was further checked 
by metallographic and X ray examination of speci- 
mens quenched from above and below these tem- 
peratures. The results of this examination are in- 
dicated in fig. 3 and are illustrated by the micro- 
graphs of fig. 8. Specimens quenched from above 
the peritectic temperature were especially revealing 
since the diffraction pattern of UAI; would disappear 
and be replaced by that of UAl; and aluminum. 
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Table IV. X Ray Diffraction Results for UFe,: 
Diamond Cubic Lattice, a, — 7.050 A (true unit) 


Sin?Q* hkl Line Intensity} 
0.0483 111 

0.0718 ae 
0.1044 VVW 
0.1290 220 W toM 
0.1766 311 M 
0.1928 VW 
0.2447 VVW 
0.2567 400 VW 
0.3054 331 Ww 
0.3858 422 WtoM 
0.4330 511,333 W toM 
0.5148 440 W toM 
0.5627 531 

0.6436 620 W toM 
0.6914 533 

0.7098 VVW 
0.7716 444 VW 
0.8187 711,551 W 
0.8987 642 S 


* Values obtained with Cu-K alpha radiation 
VVW—Very, Very Weak 
VW—Very Weak 
W—Weak 
M—Medium 
S—Strong 


No attempt was made to determine the solid 
solubility, if any, of uranium in aluminum since all 
- evidence indicated that it must be very small. 


Experimental Results—Iron Alloys 


It was found, as shown in fig. 9, that there are 
eight solid phases comprising the uranium-iron 
system: alpha, beta and gamma uranium; alpha, 
gamma and delta iron; and two intermetallic com- 
pounds. No X ray evidence of the existence of the 
beta and gamma uranium phases and of the gamma 
and delta iron phases was obtained because even 
brine quenching of very small specimens failed to 
retain these phases at room temperature. 

One intermetallic compound was located at the 
composition UFe, (66.7 at. pct iron). Microscopic 
examination revealed a virtually one-phase struc- 
ture at 67 at. pct iron. Furthermore, it was found 
possible to index the main lines in the X ray photo- 
gram of this compound on a diamond cubic lattice 
(see table IV). The lattice parameter was then de- 
termined to be a, = 7.050 A. Using this parameter 
and assuming a cell made up of 8 uranium and 16 
iron atoms, the density of the compound was cal- 
culated as 13.2. This is a reasonably good check 
with the measured density 13.0 of an alloy contain- 
ing 67 at. pct iron. In view of the rapid variation 
of density with composition in the uranium-iron 
system the small discrepancy between the calcu- 
lated and measured densities may be largely at- 
tributable to the fact that the measured density 
was obtained on an alloy somewhat high in iron. 
Several very weak lines appear in the X ray photo- 
gram of the UFe, compound which cannot be fitted 
into the diamond cubic pattern. The reason for the 
presence of these lines is somewhat obscure. They 
are not due to oxide, and although one of the lines 
coincides with an alpha iron position, it cannot be 
ascribed to alpha iron because other strong alpha 
iron lines do not appear. 

The formula U.Fe of the other compound has 
been established chiefly on the basis of microscopic 
measurements. A homogenized 15 at. pct iron alloy 


and U,Fe. 


Table V. X Ray Diffraction Results for U,Fe: 
Lattice Structure Undetermined 


Sin?Q* Line Intensity 
0.0807 WtoM 
0.0975 W 
0.1065 VW 
0.1175 Vw 
0.1278 M 
0.1949 W 
0.2139 W 
0.2707 VW 
0.2934 W toM 
0.3102 W 
0.3605 W to M 
0.3765 W 
0.3875 W 
0.4277 W 
0.4948 VW 
0.5061 VW 
0.5383 Vw 
0.5799 M 
0.6961 W 
0.7215 W 
0.7401 W 
0.7522 W 
0.8125 W toM 
0.8294 W to M 
0.8460 W toM 
0.8692 WtoM 
0.8830 W toM 


* Values obtained with Cu-K alpha radiation 
7 VW—Very Weak 
W—Weak 
M—Medium 
S—Strong 


still showed traces of the eutectic structure typical 
of the compositions between the two compounds. 
On this evidence, the composition of the compound 
high in uranium was placed at the nearest simple 
formula below 15 at. pct iron. The lines in the X ray 
photogram of this compound were measured and - 
their sin’@ values listed in table V, but attempts to 
index these lines on a definite pattern were un- 
successful. 

A study of the diagram of fig. 9 and the micro- 
graphs of fig. 10 to 16 reveals the following per- 
tinent facts about the uranium-iron system: 

1. The solubility of iron in gamma uranium is 
appreciable, reaching a maximum of about 1.5 to 
2 at. pet iron at 815°C. A homogeneous alloy con- 
taining 1 at. pct iron does not begin to melt until 
a temperature of 975°C is reached, and it is not 
completely molten until 1115°C is attained. 

2. The solubility of iron in alpha and beta urani- 
um, and of uranium in alpha iron is practically 
negligible. 

3. The gamma iron field is quite limited. Its 
actual extent has not been determined, but is known 
to be less than 0.5 at. pct of uranium. 

4. At the uranium-rich end, there is a peritectic 
reaction which occurs at 815°C involving the phases 
gamma uranium, liquid and U,Fe. 

5. At 770°C, a eutectoid reaction takes place be- 
tween the phases gamma uranium, beta uranium, 
The eutectoid composition has been 
placed somewhat below 1 at. pct iron in view of 
the fact that specimens of the 1.0 at. pct iron alloy 
quenched from above the eutectoid temperature 
still show the presence of some U,Fe in the form 
of globules quite a bit larger than the eutectoid 
particles in fig. 10a. 

6. A phase change between alpha and beta urani- 
um appears at 675°C in the composition range be- 
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tween almost pure uranium and the compound 
U.Fe. 


7. Between the two compounds U,Fe and UFe, a 
eutectic transformation occurs at the surprisingly 
low temperature of 725°C. 


8. The compound UFe, melts at 1235°C creating 
an open maximum in the diagram. 


9. At 1080°C another eutectic transformation 
appears, involving UFe. gamma iron, and liquid. 


10. The alpha to gamma transformation in iron 
occurs at about 910°C. In this case, the thermal 
data were somewhat inconsistent. The thermal 
holds obtained on the alloys containing 91.8 at. pct 
iron and above were all somewhat high. The 80.5 
at. pct iron alloy showed the alpha to gamma break 
only after complete homogenizing, and even then 
a large spread between the thermal holds of cool- 
ing and heating appeared as indicated in fig. 9. The 
microscopic evidence of this transformation was 
quite definite, however. Specimens of the 80.5, 91.8, 
and 99.0 at. pet iron alloys were quenched from 
just below and just above 910°C. The resulting 
microstructures for the 91.8 at. pct iron alloy are 
illustrated in fig. 16. The Widmanstatten structure 
appearing in the iron phase of the specimens 
quenched from just above 910°C is good proof that 
the iron has undergone a phase change. There is 
some sign of very finely dispersed precipitated 
particles in the iron phase, which is probably a 
result of the alpha to gamma transformation (see 
fig. 14b, 15a and 15b). 

11. The details of the diagram in the vicinity of 
the delta iron transformation and the melting point 
of iron are somewhat doubtful. It is believed that 
the calibration of the thermocouple used was in- 
consistently low in this high temperature range. 
The melting point of iron, the temperature of the 
gamma-delta transformation and the melting point 
of nickel in a check run were all from 15° to 25°C 
lower than the standard values given for these 
points. The thermal points plotted in fig. 9 for the 
high iron alloys at and above the gamma trans- 
formation have therefore been plotted higher than 
the experimentally determined values by an amount 
(25°C) sufficient to bring the melting point of iron 
up to the accepted value of 1535°C. In all the alloys 
exhibiting the gamma-delta transformation, the 
temperature of this reaction remains the same as 
in pure iron, thus signifying negligible solid solu- 
bility of uranium in delta iron. 


Properties of Uranium-Aluminum and 
Uranium-Iron Alloys 


No systematic attempt was made to determine 
the physical properties of the uranium-aluminum 
alloys, but a few observations made in the course 
of the phase diagram study are worthy of mention. 
With regard to the three intermetallic compounds 
it may be said that all of them are brittle enough 
to be readily crushed with a hammer, but that none 
of them is hard enough to scratch glass. The densi- 
ties of UAl, and UAI, are about 8.3 and 6.8 g per 


cm’ respectively, while that of UAl, was not deter- 
mined. : 

The possibility of age hardening the uranium - 
rich alloys after quenching from the gamma solid 
solution was explored with some care. For this pur- 
pose two alloys were prepared, one with 2.5 and 
the other with 5 at. pct aluminum. The former was 
successfully forged at about 600°C into a one-half- 
inch square bar, but the latter broke up during 
this operation and hence was available only in the 
cast condition for the later heat treatments. 

Specimens of the 2.5 pct alloy were quenched 
from 1040°C and microscopic examination showed 
that all of the UAI, was in solution. The gamma 
phase was not retained by this treatment and hence 
the specimens consisted of supersaturated alpha 
uranium. This quenched material had an average 
Rockwell “C” hardness of about 29 to 31 which is 
greater than the as-cast value of about 25. 

The specimens were reheated for one-half hour 
at successively increasing temperatures and the 
hardness again measured. It was found that the 
Rockwell “C” hardness decreased progressively to 
a value of about 25 as the aging temperature was 
raised to 300°C and then increased to a maximum 
value of about 35 after the 500°C treatment. This 
represents a hardening from minimum to maximum 
of about 9 to 10 R. units. Other specimens were 
heated at 500°C for increasing times to determine 
the optimum treatment. The maximum hardness, 
36 Re, was reached in about 3 hr, after which soft- 
ening occurred. 

The 5 pct aluminum specimen was found to be 
quite brittle after quenching from 1040°C and also 
1090°C and micro-examination showed that some 
grain boundary UAI, still was undissolved. The 
hardness of this alloy as cast was about 25 R, after 
the quench. Aging for 2.5 hr at 500°C further in- 
creased the hardness to about 45 R. which is a sub- 
stantial increase over the annealed value. However, 
the hardening of this particular alloy could not be 
usefully employed to increase the strength of 
uranium because of the extreme brittleness which 
was manifest both in quenching cracks and in spall- 
ing under the hardness indenter. 

It is possible that an aged 3 to 4 at. pct aluminum 
alloy would be sufficiently ductile to come within 
the range of a usable material and at the same time 
exhibit a substantial increase in hardness and tensile 
strength over that of pure uranium. 

Only a few casual observations of the properties 
of the uranium-iron alloys were made. Both of the 
compounds U,Fe and UFe, are hard and brittle but 
do not scratch glass. A rough measurement with a 
permanent magnet indicated that UFe, is not ferro- 
magnetic at room temperature. It is worthwhile to 
point out that small amounts of iron will produce 
a liquid phase in uranium above 815°C and that 
this condition may lead to hot shortness in fabrica- 
tion operations at such temperatures. 
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The Alloy Systems 


Uranium-Tungsten, Uranium-Tantalum 


and Tungsten-Tantalum 


by C. H. Schramm, P. Gordon and A. R Kaufmann 


The constitutions of the uranium-tungsten and uranium-tantalum alloy systems 
have been determined and the resulting phase diagrams constructed. The relation- 
ship between lattice parameter and composition for tantalum-tungsten solid solu- 
tions has been delineated. In addition, two phases of the uranium-tantalum-carbon 

ternary system have been discovered and described. 


S a part of the general program on alloys of 

uranium carried out at the Massachusetts Insti- 
tute of Technology under contract W-7405-eng-175 
for the Manhattan Project during the recent war, it 
was considered desirable to investigate the boundary 
binary phase diagrams of the ternary alloy system 
uranium-tungsten-tantalum. Previous work on 
these alloys was practically nonexistent. A brief 
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TP 2765 E. Discussion (2 copies) may be sent to 
Transactions AIME before Apr. 1, 1950, and will be 
published Nov. 1950. Manuscript received Oct. 14, 


1949. 


statement to the effect that tantalum and tungsten 
form a continuous series of solid solutions was 
found in a general paper on tantalum by W. V. 
Bolton: but no information was available on the 
uranium-tungsten and uranium-tantalum: systems. 


The research to be described in this paper has 
served to delineate the main features of the ura- 
nium-tungsten, uranium-tantalum phase diagrams 
and to check Bolton’s work on the tungsten-tan- 
talum diagram. 


Experimental Details 


Metals: The tungsten and tantalum used for pre- 
paring the alloys were 99.96 and 99.65 pct pure, 
respectively. The chief impurities in the metals 
were about 0.02 pct molybdenum in the tungsten, 
and 0.2 pet columbium, 0.05 pct tungsten, 0.02 pct 
barium and 0.01 pct silicon in the tantalum. The 
uranium used was 99.9 pct pure, with the main con- 
taminants being iron and carbon. (An appreciable 
amount of magnesium was present in the uranium 
as received, but this distilled off during melting and 
so is not reported as an impurity.) 

The composition of specimens indicated in the 
subsequent figures and tables of this paper are the 
results of chemical analyses on the cast alloys ex- 
cept for the tantalum-tungsten alloys. For the 
latter, chemical analysis was not very reliable as a 
result of the difficulty of separating tungsten and 
tantalum chemically. Consequently, the nominal 
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Fig. 1—Scale Drawing of Arc-melting Apparatus. 


compositions of these specimens, believed to be 
accurate within 1 pct of either element, were used. 


Melting Apparatus: Because of the high melting 
points of tungsten and tantalum, special techniques 
for the preparation and heat-treatment of the alloys 
had to be developed. Attempts to prepare even the 
uranium-rich alloys by conventional melting meth- 
ods using BeO, ZrO, and TiC crucibles inside an 
induction-heated graphite shell met with little suc- 
eess. In each case the metal was found to have 
reacted with the crucible when heating was carried 
to about 2200°C. 

The apparatus which proved most satisfactory for 


melting purposes is illustrated in fig. 1. The speci- 
men in the form of a powder compact of the two 
metals (mixed and pressed in a dry box to prevent 
oxidation of the uranium powder) was placed in a 
water-cooled copper cup and made the positive 
terminal of a de are with a %4-in. diam tungsten (or 
tantalum, depending on the alloy being made) rod 
as the negative electrode. This assembly was con- 
tained within a Vycor tube in which an atmosphere 
of helium was maintained. The upper electrode 
holder fitted through a tight rubber tube, giving an 
air tight seal and allowing the electrode to be 
lowered and raised for starting the are and also 
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tilted to move the arc over the surface of the speci- 
men. The arc required 15 to 20 v and the current 
could be varied from 200 to 700 amp. 

With the arrangement just described, the upper 
portion of the specimen was readily melted, while 
the under side, being in contact with the copper, 
remained relatively cool. This necessitated turning 
the specimen over for a second heating in order to 
complete the fusion. However, the problem of re- 
fractories, which was the principal obstacle in this 
high temperature work, was neatly side-stepped. 
Pure tungsten (m.p. = 3370°C) was readily melted 
in the arc. Alloy specimens prepared were essen- 
tially homogeneous in composition as determined by 
metallographic examination. The pick-up of im- 
purities during melting was limited to copper by the 


a tungsten wire, the wire being held by a clamp 
in the upper part of the unit. After heating, 
quenching was carried out when desired merely by 
loosening the clamp by means of its parts above and 
outside the furnace and allowing the specimen and 
wire to drop into a Silicone oil bath. The whole 
operation was carried out in vacuum, the pressure 
being 10° mm mercury during heating and 10+ 
mm during the hold at temperature. 

With the apparatus shown in fig. 2 connected to a 
20 kva Ecco high frequency oscillator, temperatures 
up to just below the melting point of zirconia 
(2700°C) were readily obtained. A previous ar- 
rangement using graphite in place of both the 
tungsten chamber and the zirconia insulation had 
allowed temperatures up to 3000°C to be reached. 


Fig. 6—Typical Microstructure of As-melted and Heat-treated Uranium-Tungsten Alloys. 


Etchant-heat tinting. 150X. White phase is tungsten, dark phase uranium. a. 12.5 at. pct tungsten. As-melted. b. 56.0 at. pct 


tungsten. As-melted. c. 


nature of the apparatus (assuming a nonreactive 
atmosphere) and all evidence, including chemical 
analysis, indicated that the copper pickup was 
-negligible. 

Induction Heat-treating Equipment: In order to 
facilitate the heat-treatment of alloy samples at 
high temperatures and to make possible quenching 
from these temperatures, an induction heating unit 
was constructed as shown in fig. 2. The principal 
feature of the furnace was a tungsten heating 
chamber within a zirconia tube having openings at 
both top and bottom leading through zirconia 
sleeves to give a through passageway. The speci- 
men was suspended within the heating chamber on 


80.0 at. pct tungsten. As-melted. d. 


56.0 at. pct tungsten. Quenched from 1400°C. 


It was found, however, that the carbon vapor pre- 
vailing in the heating chamber atmosphere reacted 
quite rapidly with the specimens above 2300°C and 
hence this construction was discarded. 


Resistance-wound Heat-treating Equipment: Be- 
cause the induction unit described aboVe was limited 
to relatively short heating periods, a high-vacuum 
resistance-heated unit was constructed for lengthy 
heat-treatments at temperatures up to about 1900°C. 
This unit consisted of a bank of three identical, 
molybdenum wound resistance furnaces. A de- 
tailed drawing of one of the furnaces is shown in 
fig. 3. By controlling the power input to these fur- 
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naces with voltage stabilizers and variac trans- 
formers, it was possible to maintain temperatures 
to + 3°C over long periods of time in the range 
1000° to 1900°C. The vacuum system included a 
4 in. oil diffusion pump backed by a mechanical 
pump. With all three furnaces operating at tem- 
peratures between 1100° and 1700°C pressures as 
low as 3 x 10° mm of mercury were obtainable 
with this pumping system. 
When it was desired to quench the specimens 
being heat-treated, the clamp holding the sample 


a. 14.9 at. pct tantalum. As-melted. b. 56.4 
tantalum. Quenched from 1300°C. 


(see fig. 3) was opened and the sample dropped 
through the furnace tube and copper tee into a 
standard-taper tube containing mercury or Silicone 
oil. “NV” grade Silicone oil was used for quench- 
ing since it has a very high degree of thermal sta- 
bility and an extremely low vapor pressure. This 
oil was used for quenching metal powders which 
would otherwise become contaminated with mer- 
cury. Mercury was used for quenching solid sam- 
ples and when so used a thin film of Silicone oil was 
placed on the mercury to lower the vapor pressure 
of the latter in the system. | 

Temperatures in both the induction and resistance 
heat-treating units were measured with an optical 
pyrometer of the disappearing filament type. The 
accuracy of measurement was within about 20°C. 


Metallographic Technique: The preparation of 


at. pct. tantalum. As-melted. cc. 


specimens for metallographic examination was done 
by standard laboratory methods. The specimens 
were ground through 3/0 emery paper and polished 
on lead laps with two grades of levigated alumina. 

Three different etching techniques were em-~ 
ployed to distinguish the phases present in the 
alloys. Most of the uranium-tungsten alloys were 
etched by heat tinting, that is, accelerated oxidation 
of the uranium (see fig. 6). In addition, two etch- 
ing procedures were used to aid in ascertaining the 
presence of free tungsten. One was an electrolytic 


Fig. 7—Typical Microstructures of As-melted and Heat-treated Uranium-Tantalum Alloys. 
Electrolytic etch in ethyl eneenre ar irae glycol-phosphoric acid solution. 500X. White phase is uranium, dark phase tantalum. 


89.5 pct tantalum. As-melted. d. 56.4 at. pct 


etch in a 15 pct aqueous solution of sodium hydrox- 
ide which attacks free tungsten quite vigorously 
but has little or no effect on the other phases in- 
volved. The second was an electrolytic etch in a 
solution of ethyl alcohol, ethylene glycol, and 
phosphoric acid (8:5:5 parts by volume). With 20 
to 40 v across the cell this etch deposits a thin film 
on the tungsten ranging in color from brown to 
purple, the color depending on the voltage used. 
It was found that tantalum is affected similarly by 
this etch, and most of the uranium-tantalum speci- 
mens were etched in this way (see fig. 7). The 
color film does not form on uranium, nor on any 
of the extraneous phases (oxides, carbides, etc.) 
encountered in the specimens. 


X Ray Techniques: Powder X ray examination 
with a Debye-Scherrer camera was employed to 
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confirm the identity of the phases present, and also 
for some measurements of lattice parameters. Pre- 
cision parameter measurements were made on pure 
tungsten, uranium and tantalum, on some _ heat- 
treated dilute alloys of uranium and tungsten, and 
on the 20 at. pct tantalum-in-tungsten alloy* by 


* Because of the broadening effect of the solid solution on X ray lines, 
Precision measurements on the other tantalum-tungsten alloys were not 
obtainable. 


means of a symmetrical focusing back reflection 
camera. Cohen’s* method for analytical extrapola- 
tion was used to eliminate systematic errors. In all 
cases copper radiation was employed with the wave 
lengths: K alpha, = 1.54050, K alpha, — 1.54435, 
i beta == 1.39216 A. 


Thermal Analysis Technique: The procedure for 
thermal analysis is described adequately elsewhere’. 
Briefly, it consisted of obtaining time temperature 
curves during heating and cooling of the alloys, 
phase changes being indicated by holds in the 
curves. The reported temperatures of transforma- 
tion are those determined during heating. Tempera- 
ture was measured to an accuracy of about +5°C 
with a platinum-platinum-rhodium thermocouple 
protected from reaction with the specimen by a 

_ thin layer of slip-cast beryllia. 


Discussion of Results 


The Uranium-Tungsten and Uranium-Tantalum 
Systems: The tungsten-uranium and_ tantalum- 
uranium phase diagrams are qualitatively much 
alike, differing only by relatively minor shifts in 
the exact temperature-composition coordinates at 
which transformations and reactions occur. As 
shown in fig. 4 and 5, each consists of four solid 
phases; namely, alpha, beta and gamma uranium 
plus either tungsten or tantalum, and a single 
liquid solution, at high temperatures, of the two 
metals concerned. 

In view of the high chemical affinity of uranium 
for a great many materials, the most striking fea- 
ture of both systems is the complete absence of in- 
termediate phases. Melting of the alloys in the arc 
was carried out at temperatures in the range 3000° 
to 4000°C. The microstructures of several of the 
as-melted alloys are shown in fig. 6 and 7. Micro- 
structures typical of the as-melted alloys are shown 
in fig. 6 and 7. Heat-treatments of as long as sev- 
eral hundred hours followed by quenching (see fig. 
4 and 5) were carried out covering the temperature 
range 800°C to 2300°C, but no evidence for the 
formation of intermediate phases was found. Some 
_ typical quenched structures are included in fig. 6 
and 7. Just as for the as-melted alloys, it may be 
seen that the heat treated structures consist essen- 
tially of free tungsten or free tantalum embedded 
-in uranium. Only the shape and size of the primary 
particles change after heat-treatment, the particles 
growing and becoming spheroidized with increasing 
temperature and time treatment. No sign of rim- 
ming of either the tungsten or the tantalum is 
noticed, a phenomenon which would be expected if 
some sluggish reaction between the uranium and 
the second metal had begun. X ray evidence 
corroborated the conclusion that the two important 
constituents in any alloy were uranium and either 
tungsten or tantalum. 


A few extraneous gray particles may be noted 
in some of the micrographs. These particles are be- 
lieved to be an oxide of uranium, probably UO.. 
Other extraneous phases were occasionally found 
in alloys after heat treatment, but in every case 
these phases were confined strictly to the uranium 
matrix and no sign was ever observed that the 
tungsten or tantalum entered into the reaction at 
all. 

The terminal solid solubilities in both the ura- 
nium-tungsten and the uranium-tantalum systems 
were revealed to be very limited. No careful at- 
tempt was made to determine the exact values of 
these solubilities, but metallographic and X ray 
evidence was obtained to establish the order of 
magnitude of solid solution limits. For the uranium- 
tungsten alloys the evidence placed the elevated 
temperature solution limits at probably less than 
one atomic percent at both ends of the diagram. 
The lattice parameters of the pure metals were 
found to be: 


a = 3.1651 + 0.0001A for tungsten and a = 2.8540A, 
bo = 5.8683A, co = 4.9576A + 0.01 pct for alpha 
uranium. 


X ray measurements on dilute alloys in both the 
tungsten-rich and uranium-rich regions revealed 
small changes in these parameters as a result of 
quenching*. The tungsten lattice constant increased 


*It was not found possible to suppress the formation of alpha uranium 
by quenching. 


by approximately 0.02 pct. In the case of uranium 
the magnitude of the maximum change*was not 
definitely determined because the nonuniform shift 
of the X ray lines made the indexing of many of 
the closely spaced lines at best uncertain. How- 
ever, calculations made on the basis of line indices 
which seemed most probably correct indicated that 
the decrease in the lattice parameters of the uranium 
might be of the order of 0.04 to 0.10 pct. 

The high temperature solid solubility limits of 
tantalum in uranium and uranium in tantalum 
were both indicated to be less than about 2 at. pct. 
A 3.6 at. pct tantalum alloy showed little change in 
the quantity of tantalum dendrites present even 
after quenching following a heat-treatment of 7 
days at 1100°C. At the tantalum-rich end of the 
diagram the 99.2 and 98.5 at. pct tantalum alloys 
both revealed a small number of very fine grain 
boundary particles after a similar heat treatment. 
The exact identity of these particles could not be 
determined, but they were undoubtedly either 
uranium or uranium oxide. X ray parameter 
measurements on these two alloys gave the results 
listed in table I. 


Table I. 
Increase of Tantalum Parameter on Heat-Treatment 


ao in Angstroms 


Alloy (at. pet Ta) Not Heat-treated Quenched from 1100°C 


Pure Tantalum 3.308 3.312 
992 3.320 
98.5 8.311 3.327 


That there is some increase in the solid solubility 
of uranium in tantalum with temperature is readily 
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be 


i 


Fig. 8—Microstructures of Some Ternary 
Uranium-Tantalum-Carbon Alloys. 


Etchant—electrolytic etch in alcohol-glycol-phosphoric solution. 
250X. a. 76Ta-5U-19C (at. pct) alloy.* Massive UTa1oCx (light) 
plu Ta. b. 67.3. Ta-6.7U-26.0C (at. pct) alloy. Largely UTai0Ci 
(light). c. 55.5 Ta-9.4U-35.1C (at. pct) alloy UTaiwC: plus 
face-centered cubic phase (white). 
* Approximate composition. No analysis available. 


seen. However, the maximum solubility must be 
of the order of 2 at. pct uranium, for measurements 
on alloys of higher uranium content showed no 
further increase in the tantalum parameter. 
‘Thermal measurements placed the alpha-beta and 
beta-gamma uranium phase transformations and 
the solidus lines at the temperatures indicated in 
fig. 4 and 5. The solid-solid transformations in the 
uranium were located in each case at approximately 
the same temperatures as those found for the 
corresponding phase changes in unalloyed uranium. 


The solidus in the tantalum system is clearly marked 
as a peritectic transformation by its appearance at 
a temperature 50°C higher than the melting point 
of uranium (1125°C). The nature of the tungsten 
solidus reaction is, however, in some doubt. On the 
basis of the slight raising of the temperature of the 
beginning of melting for the alloys as compared 
with the melting point of uranium (1135°C com- 
pared with 1125°C), this solidus reaction is tenta- 
tively also described as a peritectic transformation. 

Establishment of the liquidus lines up to a tem- 
perature of 2400°C for the uranium-tungsten system 
and up to 2000°C for the uranium-tantalum system 
was accomplished in the induction unit by heating 
tungsten, or tantalum, in contact with molten ura- 
nium at a series of predetermined temperatures and 
then analyzing the solidified uranium chemically. 
In the case of tungsten, uranium specimens were 
machined into cylinders so as just to fill small 
tungsten crucibles, heated in the crucibles to the 
desired temperatures above the solidus and held 
there for a period of time long enough to attain the 
equilibrium solution of tungsten (from the crucible) 
in the uranium. After cooling, the crucible was 
broken away from the specimen and the surface of 
the latter ground to remove any traces of the cruci- 
ble adhering to the alloy. In addition, a 1/64 in. 
layer was ground from the specimen to eliminate any 
tungsten particles which may have gotten into the 
uranium not by solution but by intergranular at- 
tack of the uranium on the tungsten. Such tungsten 
particles were easily distinguishable under the 
microscope by their angular or spheroidal shapes 
from the dendritic tungsten resulting from solution 
in and rejection from the uranium. Metallographic 
examination revealed that these nondendritic tung- 
sten particles were almost exclusively confined to 
a region within 1/64 in. of the crucible wall. 

For determination of the solubility of tantalum 
in molten uranium, the procedure described for 
tungsten had to be modified because of two diffi- 
culties encountered. First, it developed that molten 
uranium attacked (intergranularly) the tantalum 
crucibles available so vigorously even at tempera- 
tures only 100°-200°C above the uranium melting 


Table II. 

X ray Diffraction Lines for UTa,,C, CuKa Radiation 
Sin?Q Intensity* Sin? Intensity* 
0.05626 VW 0.3828 VVW 
0.06285 VW 0.3964 M 
0.07524 VW 0.4327 Ww 
0.08468 W 0.4779 M 
0.1024 S 0.5538 M 
C.1112 S 0.5806 VVW 
0.1206 Ww 0.6045 M 
0.1481 Vw 0.6418 S 
0.1575 VW 0.6775 Ww 
0.1848 M 0.6969 S 
0.2008 VVW 0.7230 Ww 
0.2189 VVW 0.7436 Ww 
0.2497 M 0.7989 S 
0.2775 VVW 0.8413 M 
0.2910 VVW 0.8800 M 
0.3077 S 0.9386 S 
0.3215 VVW 0.9596 S 
0.3345 VVW 0.9706 vw 
0.3500 M 0.9859 W-M 
0.3593 W-M 

aS) — Strong 

M — Medium 

W — Wea 

VW — Very Weak 


VVW — Very Very Weak 
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point that the whole uranium melt drained through 
the crucible and was lost in a short time. Hence, 
beryllia crucibles were substituted for the tantalum 
crucibles. The tantalum for alloying was intro- 
duced by inserting a tantalum rod into the molten 
uranium and withdrawing the rod prior to allowing 
the alloy to solidify. This technique was satis- 
factory at temperatures up to 1800° C, and was 
used to obtain the results given for tantalum in fig. 
5 at 1300°, 1500° and 1800°C. Contamination of 
the melts with beryllium from the crucibles was 
negligible at these temperatures. At higher tem- 
peratures, reaction of the uranium with the crucible 
became appreciable so that beryllia crucibles could 
no longer be used. The value for the solubility of 
tantalum in uranium at 2000°C given in fig. 5 was 
obtained by melting uranium in a tantalum crucible 
which was itself placed in a close-fitting tungsten 


lines and the line intensities using Cu K a radiation 
are listed in table II. It may be of interest to note 
that another phase of the Ta-U-C system was 
identified incidental to this investigation. This 
phase gave a face-centered cubic pattern (a, = 
4.41A) and may be observed as the second (white) 
constituent in fig. 8. 

In the course of the work establishing the identity 
of the UTa,C, ternary phase, it was revealed that 
this carbide is considerably more stable than the 
binary carbides of uranium and tantalum. It has 
a very high melting point, probably well above 
2500°C. Its deliberate formation was thus used as 
a means of decarburizing the uranium prior to 
making a liquidus determination. This was done 
by heating the molten uranium in contact with a 
tantalum rod (at the temperature at which this 
same uranium would later be used for a tantalum 


Fig. 9—Reproduction of Powder X Ray Photograms of the Three Ternary Alloys Shown in Fig. 8. 


‘a. 76 Ta-5 U-19C (at. pct) alloy.* 
c. 55.5 Ta-9.4U-35.1C (at. pct) alloy. 


crucible. The uranium penetrated the tantalum 
crucible but was prevented from draining away by 
the comparatively stable tungsten crucible. Even 
this technique failed, however, at higher tempera- 
tures, and, thus, no results are reported for tantalum 
above 2000°C. 


The second difficulty encountered was concerned 
with the carbon impurity present in the uranium. 
In the liquidus determination technique involving 
the insertion of a tantalum rod into the molten 
uranium, it was found that a layer of some new 
“phase formed on the surface of the tantalum rod. 
This intervening layer markedly decreased the solu- 
tion rate of tantalum in uranium and thus pre- 
vented the attainment of chemical equilibrium in 
reasonable times. Investigation showed that the 
interfering layer was a tantalum-uranium-carbon 
ternary phase very near the composition 67.3 at. 
pet Ta, 6.7 at. pet U, and 26.0 at. pct C (approxi- 
mating closely the formula UTa,C,). 
of several ternary alloys at and near this composi- 
tion are shown in fig. 8. The corresponding powder 
X ray patterns are reproduced in fig. 9. The crystal 
symmetry of the phase is quite low, so that its 
structure was not determinable from the pattern 
shown in fig. 9b. The measured sin’@ values of the 


UTaioCs and tantalum lines. 
UTaioCs and face centered cubic phase lines. 
* Approximate composition. 


Micrographs~ 


67.3 Ta-6.7 U-26.0 C (at. pet) alloy. Only UTaioC: lines. 


No analysis available. 


solution run), withdrawing the rod before allowing 
the uranium to solidify. In this way the carbon 


remaining in the uranium was reduced to a value 


too low to be detected by ordinary chemical analy- 
sis, that is, to less than 0.002 wt pct. Using this 
relatively carbon-free uranium, no further diffi- 
culty was encountered in obtaining solution of the 
tantalum in the uranium for the liquidus deter- 
minations. 

The Tantalum-Tungsten System: As reported by 
Bolton' tantalum and tungsten form a complete 
series of solid solutions. Since the two elements 
follow one another in the periodic table, have the 
same face-centered cubic crystal structure, and 
have lattice dimensions differing by only 4.4 pct, the 
continuous solid solution series is to be expected on 
the basis of the well-known Hume-Rothery rules. 
In the present work, no effort was made actually 
to fix the position of the solidus and liquidus lines, 
because of the extremely high temperatures in- 
volved. However, since it became necessary in 
connection with other work to know the variation 
in the lattice parameters of tantalum-tungsten al- 
loys as a function of composition, this information 
was obtained and served to corroborate Bolton’s 
conclusion. 
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Alloys containing 20, 40, 60 and 80 at. pct tan- 
talum, respectively, were prepared in the arc- 
melting apparatus. These alloys were then homog- 
enized in vacuo for 5 hr at 2000°C. Powder for the 
X ray samples was obtained by crushing and sifting 
through a 200-mesh screen. The powders were 
stress relieved at 1300°C in vacuo. 

As mentioned previously under X Ray Tech- 
niques, the parameters were measured both with a 
Debye-Scherrer type camera and with a back re- 
flection symmetrical focusing camera. The results 


Table III. X Ray Parameter Values for Tantalum- 
Tungsten System 


Nominal 
Atomic Pct Tantalum X Ray Technique ao in Angstroms 
G Barrett 3.1650 
0 Ba RS. F* 3.16505 
20 Debye-Scherrer 3.1861 
20 Baka: S.ckae 3.18666 
40 Debye-Scherrer 3.209s 
60 Debye-Scherrer 3.237s 
80 Debye-Scherrer 3.2744 
100 Barrett 3.3026 
100 Debye-Scherrer 3.3074 
100 iM ANE Sapetes 3.30778 


* Back-reflection symmetrical focusing camera. 


obtained are given in table III along with values 
for the pure metals listed by Barrett‘, and are 
plotted in fig. 10. The experimental parameter 
value for tantalum, 3.3077A, may be seen to be 
somewhat higher than Barrett’s value, 3.3026. The 
former value has been used in fig. 10 for two rea- 
sons: first, because the chief impurities in the 
tantalum used in this work were tungsten and 
columbium, both of which would tend to lower, 


Fig. 10—Lattice Parameter 

of Tantalum-Tungsten Solid 

Solutions as a Function of 
Composition. 


rather than raise, the tantalum parameter; and 
second, because the shape and slope of the 
parameter-composition curve (fig. 10) indicate a 
value for the lattice constant of pure tantalum 
appreciably higher than that given by Barrett. 

It is clear from the continuous, smooth nature of 
the curve in fig. 10 that tantalum and tungsten un- 
doubtedly form a continuous series of solid solu- 
tions. 


Conclusions 


1. The constitutions of the uranium-tungsten and 
uranium-tantalum alloy systems have been deter- 
mined and have been set forth in the phase dia- 
grams of fig. 4 and 5. 

2. Two phases of the uranium-tantalum-carbon 
ternary system have been discovered, one approxi- 
mating the formula UTa,C.,, having a low crystal 
symmetry and an extremely high melting point, 
and the other being a face-centered cubic phase 
with a, = 4.41A. 

3. The tantalum-tungsten system has been in- 
dicated to be a continuous series of solid solutions. 
The relationship between lattice parameter and 
composition for the tantalum-tungsten solid solu- 
tions has been determined. 
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The lron-Nitrogen System 


by V. G. Paranjpe, Morris Cohen, M. B. Bever, and C. F. Floe 


The iron-nitrogen system was investigated by X ray diffraction measurements 
and a controlled nitrogenizing method. The latter is an innovation and depends on 
the relation between the nitrogenizing power of an ammonia-hydrogen mixture and 
the nitrogen content of the iron-nitrogen alloy produced. Several heretofore con- 

troversial features of the iron-nitrogen phase diagram are clarified. 


ITROGEN is becoming recognized as one of the 
important elements in ferrous physical metal- 
lurgy. Several investigations indicate that nitrogen 
plays a significant part in such phenomena as strain 
aging and temper brittleness. Nitrogen is known to 
be a powerful austenite stabilizer and may be a 
useful alloying element in stainless steels. The hard- 
enability of steels has been found to be increased 
by nitrogen. The nitriding and carbonitriding pro- 
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cesses are examples of successful industrial appli- 
cation of nitrogen in ferrous materials. For a com- 
plete understanding of the various roles played by 
nitrogen in ferrous metallurgy a knowledge of the 
phase relations in the binary iron-nitrogen system 
is essential. 

The literature contains a variety of iron-nitrogen 
phase diagrams. Those suggested by Fry,’ Sawyer,” 
Epstein and his coworkers,’ * Lehrer,’ Eisenhut and 
Kaupp,’ and Hagg"* differ significantly from one 
another. Moreover, the most recent of these inves- 
tigations dates back about twenty years. A re- 
determination of the entire diagram, therefore, ap- 
peared desirable. 

In addition to the published phase diagrams, in- 

vestigations have been carried out on portions of 
the iron-nitrogen system. Bramley and Haywood’ 
determined the composition and temperature of the 
iron-iron nitride eutectoid. The maximum solu- 
bility of nitrogen in a iron was investigated by 
Portevin and Seferian” and by Dijkstra.” 


Several investigators have determined the crystal 
structure of the various iron-nitrogen phases. In 
fact, Eisenhut and Kaupp*® and Hagg" based their 
entire phase diagrams on the results of such studies. 
Epstein* and Emmett” reported lattice-parameter 
measurements on the « (hexagonal close-packed) 
phase. Osawa and Iwaisumi”™ also studied the change 
in lattice parameters of the a, y and « phases with 
nitrogen content. Brill* and Hagg"” showed that the 
y phase has an ordered structure, and Hendricks 
and Kostings” suggested a structural relation be- 
tween the « and © phases. In a recent investigation 
Jack” carefully studied the super-lattice reflections 
from the y’ and € phases. 


Experimental Procedure 


A large variety of experimental methods has 
been used by previous investigators in studying 
the iron-nitrogen system. These methods include 
thermal analysis, microscopic examination, X ray 
diffraction, magnetic measurements, dilatometric 
analysis and anelastic experiments. Thermal analy- 
sis is of low accuracy in determining changes in the 
solid state. This accuracy is further decreased for 
iron-nitrogen alloys since composition changes will 
occur during heating or cooling unless extreme care 
is taken to use a proper atmosphere. Metallographic 
methods are of small value because homogeneous 
iron-nitrogen alloys of sufficient size can be pro- 
duced only with great difficulty. The dilatometric 
method is open to the same objections as thermal - 
analysis in that changes in composition may occur 
during heating and cooling. Lattice parameter 
measurements by X ray diffraction can be used 
satisfactorily for determining phase boundaries if 
cooling is fast enough to prevent structural changes. 

In view of the limitations of the various other 
techniques two methods only were adopted in this 
investigation, (1) X ray diffraction measurements, 
and (2) a controlled nitrogenizing method. The 
second method is an innovation for investigating 
the iron-nitrogen system, and will be described at 
length. 

Materials: All iron-nitrogen alloys were prepared 
from carbonyl iron powder of the analysis shown 
in table I. The average particle size was about 20 
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microns. The carbon content was lowered to 0.010- 
0.015 pct by treatment with wet hydrogen prior to 
nitrogenizing. 


Table I. Chemical Analysis of Carbonyl Iron Powder 


Constituent Weight Pct 
Carbon — before decarburization 0.030 
Carbon — after decarburization 0.010-0.015 
Copper Nil 
Chromium Nil 
Manganese Nil 
Molybdenum Nil 

Nickel Nil 
Nitrogen 0.003 
Phosphorus Nil 

Silicon 0.001 
Sulphur Nil 


The nitrogenizing was carried out by the use of 
ammonia-hydrogen mixtures. The ammonia was at 
least 99.98 pct pure and the hydrogen analyzed less 
than 0.5 pet oxygen. The prepurified nitrogen used 
for flushing the nitrogenizing furnaces contained 
less than 0.001 pct each of hydrogen and oxygen. 

Nitrogenizing Procedure: The procedure used for 
controlled nitrogenizing was evolved after many 
trials. The nitrogenizing equipment used is shown 
schematically in fig. 1. 

A weighed amount (approximately 2 g) of car- 
bonyl iron powder was spread uniformly in a new 
alundum boat. The boat was then inserted into the 
nitrogenizing chamber which was at the desired 
temperature. The nitrogenizing chamber was then 
sealed. Prepurified nitrogen was passed through the 
chamber during sealing and its flow was continued 
for about 5 min. The sample was first decarburized 
with wet hydrogen for about 6 hr. The controlled 
nitrogenizing treatment was then conducted by 
passing the desired ammonia-hydrogen mixture 
over the sample for 16 hr. At the end of this period, 
the ammonia-hydrogen mixture was shut off and 
the container was flushed for 1 min with prepuri- 
fied nitrogen. The seal was then broken, with nitro- 
gen still flowing, and the sample was quickly with- 
drawn and quenched into a beaker of cold water. 
This last step was carried out in less than 30 sec. 
The quenched samples were cleaned with alcohol 
and ether, dried and prepared for X ray and chemi- 
cal analysis. 

As shown in fig. 1 two chromel-alumel thermo- 
couples were used, one for furnace control and the 
other for temperature measurement. The variation 
of temperature along the length of the alundum 
boat as determined by exploration was less than 


Fig. 1—Schematic dia- 
gram of the nitrogen- 
izing equipment. 


1 Furnace 

2 Quartz chamber 

3 Alundum boat 

4 Thermocouple protection tube 
5, 6 Control thermocouple 
7,8 Measuring thermocouple 
iH 9 Hydrogen inlet from tank 
10 Hydrogen manometer 
11 Ammonia inlet from tank 
12 Ammonia manometer 
13 Nitrogen inlet for flushing 
14 Exhaust 


0.5°C. The maximum deviation from the desired 
temperature in any series of experiments was found 
to be less than 2.0°C. This value includes all acci- 
dental changes in temperature. 

Chemical Analysis of Iron-Nitrogen Alloys: The 
nitrogen content of nitrogenized samples was deter- 
mined by the micro-Kjeldahl method. The results 
were found to be reproducible within about 10 pct 
of the nitrogen content for low nitrogen samples 
(up to 0.1 pet), and within about 1 to 5 pct of the 
nitrogen content for high-nitrogen samples (up to 
11.2 pet nitrogen). The micro-Kjeldahl method was 
also compared with the vacuum fusion method and 
good agreement was found. 

The hydrogen content of the nitrogenized alloys, 
determined by the method of Carney, Grant and 
Chipman,” was found to be negligible (approxi- 
mately 5 parts per million by weight). 

X Ray Examination of Iron-Nitrogen Alloys: The 
structures and lattice constants of the various iron- 
nitrogen phases were computed from . Debye- 
Scherrer and Phragmen diffraction patterns. Cobalt 
K radiation was used because iron is known to be 
a filter for the Kg radiation. The absorption-edge 
effect decreases the atomic scattering factor of iron 
and thus increases the relative contribution of the 
nitrogen atoms. 

Samples used for X ray analysis were quenched 
from the nitrogenizing temperatures as previously 
described. The quenching rates employed were high 
enough to suppress structural changes during cool- 
ing with the exception of the martensite trans- 
formation in the y phase of low nitrogen content. 

The disappearing phase method and the lattice 
parameter method were used to determine the 
phase boundaries from the results of X ray measure- 
ments. Preference was given to the results of the 
latter. 

Phase Boundary Determination by the Controlled 
Nitrogenizing Method: This method consists in prin- 
ciple of nitrogenizing iron with a gas mixture of 
controlled “nitrogenizing power’ and correlating 
the nitrogenizing power of the gas mixture with 
the nitrogen content of the iron-nitrogen alloy pro- 
duced. 

In the nitrogenizing of irom with mixtures of 
ammonia and hydrogen, the nitrogenizing power at 
a given temperature is governed predominately by 
the ratio of ammonia to hydrogen as suggested by 
the following equation: 


NH, (gas) = N (in an iron-nitrogen phase) 


+ 3/2 H, (gas) 


262—JOURNAL OF METALS, FEB. 1950, TRANSACTIONS AIME, VOL. 188 


When this reaction attains equilibrium, the nitro- 
gen content of the iron-nitrogen phase is fixed by 
the nitrogenizing power of the gas mixture. The 
nitrogenizing power may be expressed in terms of 
the ammonia content of the nitrogenizing gas. 

The scheme of determining the phase boundaries 
in the iron-nitrogen diagram by nitrogenizing with 
ammonia-hydrogen mixtures can be explained with 
the aid of fig. 2. Fig. 2a shows. schematically a por- 
tion of the iron-nitrogen phase diagram, and fig. 2b 
shows the relation between the nitrogen content of 
iron-nitrogen alloys and the ammonia content of 
the nitrogenizing gas. The solid curve in fig. 2b per- 
tains to equilibrium conditions. For a given tem- 
perature an increase in the ammonia content of the 
nitrogenizing gas causes a corresponding increase 
in the nitrogen content of the alloy. Thus the nitro- 
gen concentration of the a phase increases steadily 
from 0 to A” as the ammonia content of the gas 
increases from 0 to A’. When the ammonia con- 
centration reaches the value A’ and the nitrogen 
content of the a phase becomes A”, the y phase 
can exist together with the a phase. For this gas 
mixture the nitrogen content of the solid may, 
therefore, lie anywhere between A” and B” where 
B” is the lower limit of the y’ phase. (See fig. 2b.) 
_A further increase of ammonia concentration pro- 

duces only the y phase. The nitrogen content of 
this phase increases with the ammonia concentra- 
tion of the gas, until at an ammonia content C’, the 
y phase having a nitrogen content C” can co-exist 
with the’« phase of composition D”. A further in- 
crease of ammonia concentration only serves to 
enrich the « phase in nitrogen. 

A series of nitrogenizing experiments made at a 
temperature T, with progressively increasing am- 
monia concentrations in the nitrogenizing gas, 
yields data to plot the curve A-B-C-D-E. The 
points A, B, C and D where the curve is discon- 
tinuous determine the phase boundaries at that tem- 
perature. 

Under practical nitrogenizing conditions, it is dif- 
ficult to obtain the curve A-B-C-D-E, due to a side 
reaction 

NH; (gas) = N: (gas) -++ 3/2 H, (gas) 

The extent of this dissociation reaction depends 
upon temperature, flow rate of the gas mixture, 
and the catalytic conditions which prevail during 
a particular experiment. The composition of the 
nitrogenizing gas changes as it passes through the 
nitrogenizing chamber due to progressive dissocia- 
tion of the ammonia. The gas phase in contact with 
the iron, therefore, contains less ammonia than the 
inlet mixture in proportion to the prevailing extent 
of dissociation. When the extent of ammonia dis- 
sociation is constant, the curve II in fig. 2b can be 
obtained. This curve is similar to curve I except 
that the ammonia concentration in the inlet gas 
required to produce a certain nitrogen content in 
the solid is higher. The discontinuities on curve II 
still represent the phase boundaries, as these are 
independent of the amount of dissociation and are 
dictated only by equilibrium relations of the co- 
existing solid phases. An increase in the extent of 
ammonia dissociation to a new constant value can 
only shift curve II vertically. This shift does not 
alter the nitrogen contents at the discontinuities. 

A series of nitrogenizing experiments at a single 


Temperature 


Per cent ammonia in inlet gas 


B" Gu De Ee" 
Nitrogen concentration 


Fig. 2—Schematic diagram illustrating the prin- 
ciple of the controlled nitrogenizing method for 
phase boundary determination. 


temperature gives the phase boundaries at that 
temperature. It is necessary to carry out similar 
sets of isothermal experiments in order to deter- 
mine phase boundaries over a range of tempera- 
tures. This feature made the controlled nitrogeniz- 
ing method tedious but its inherent dependability 
justified its use. 

The controlled nitrogenizing method requires that 
the dissociation of ammonia be constant through- 
out an isothermal series of experiments and that 
equilibration be attained between the gas and solid 
phases. A considerable amount of experimentation 
was necessary to find the optimum operating condi- 
tions satisfying these requirements. Of the variables 
governing the degree of ammonia dissociation, tem- 
perature and flow rate were held constant without 
difficulty. The catalytic conditions in the nitrogen- 
izing chamber depended on the nature and amount 
of various surfaces in contact with the gas mixture. 
Since quartz does not catalyze the dissociation re- 
action, it was used for the nitrogenizing chamber, 
the inlet and outlet tubes and the thermocouple 
tubes (fig. 1). A constant weight of iron powder 
was used because iron is known to catalyze the dis- 
sociation reaction. The alundum boat was con- 
taminated with iron during nitrogenizing and was 
therefore renewed for every experiment. It was 
assumed that the catalytic conditions were held 
sufficiently constant by these precautions and the 


_experimental results justified this assumption. A 


period of 16 hr was found to be adequate to attain 
equilibrium. 

Some preliminary experiments were made to de- 
termine the best way of retaining the nitrogen con- 
tent of the alloy when it was taken out of the nitro- 
genizing chamber for chemical analysis. Water 
quenching proved to be the best method. 
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Fig. 3—Results of a typical series of controlled 
nitrogenizing experiments at 500°C. 


Typical results of a series of nitrogenizing experi- 
ments at 500°C are presented in fig. 3. This plot of 
actual data resembles the schematic plot shown in 
fig. 2b. The phase boundaries were determined by 
the intersections of the horizontal two-phase lines 
with the sloping single-phase lines. For example, 
the y’ curve intersects the a — 7’ line and the 7’ — « 
lines (fig. 3) at 5.45 and 5.75 pct nitrogen respec- 
tively. These compositions therefore represent the 
boundaries of the y’ phase at 500°C. The solubility 
limit in the @ phase is similarly read as 0.05 pct 
nitrogen. This is the nitrogen content at which the 
a phase line intersects the horizontal a — y’ line. 
The lower limit of the « phase is given by the point 
of intersection of the « and y — e« lines at 7.7 pct 
nitrogen. 

A similar series of experiments was also carried 
out at 500°C using a high-nitrogen alloy as the 
starting material. In this case equilibrium was ap- 
proached from the high nitrogen side. The bound- 
aries of the y phase determined from the results 
of these experiments are in good agreement with 
those mentioned above. This fact shows that the 
controlled nitrogenizing method gives reliable re- 
sults. 


Results and Discussion 


The iron-nitrogen phase diagram was determined 
from the data obtained by X ray diffraction meas- 
urements and the controlled nitrogenizing method. 
The various iron-nitrogen phases will be described 
first in the order of their nitrogen contents. The 
constitution diagram combining these phases will 
then be presented. All results are discussed in the 
light of the work of other investigators. 


The « Phase (Nitrogen Ferrite): The a phase has 
a body-centered cubic structure and contains small 
amounts of nitrogen in solution. This phase may 
be named nitrogen ferrite. The lattice parameter of 
nitrogen ferrite is affected only slightly by the 
amount of dissolved nitrogen. Experiments con- 
ducted to study the variation of lattice parameter 
with increasing nitrogen content did not show a 
consistent measurable change, even when the back 
reflection X ray technique was used. The lattice 
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Fig. 4—Solubility limit of nitrogen ferrite as 
a function of temperature. 


parameter method of phase boundary determina- 
tion was therefore not applicable. 

The solubility of nitrogen in the a phase was 
determined by the controlled nitrogenizing. method. 
The results are plotted in fig. 4. Solubility limits 
determined by Dijkstra” are also shown for com- 
parison. The agreement between the two sets of 
values is satisfactory. The small discrepancies may 
be attributed to differences in the techniques em- 
ployed. In the present investigation, equilibration 
was carried out at the desired temperature, fol- 
lowed by quenching; for correct results it was suf- 
ficient to retain all nitrogen in the sample, but it 
was not necessary that the nitrogen remain dis- 
solved in the « phase. In contrast, Dijkstra saturated 


Table Il. Composition Limits of the y Phase 
(Nitrogen Austenite) 


Temperature Lower Limit Upper Limit 
(Weight Pct Nitrogen) 

910 0.00 (a-y) 
700 2.70 (y-e) 
675 1.40 (a-y) 2.75 (y-e) 
650 | 1.64 (a-y) 2.80 (y-e-y ) 
625 2.64 (y-7’) 
590 (2.35) (a-y-y’) (2.35) (a-y-y’) 


Note: Values in parentheses were obtained by extrapolation. 


Table II. Composition Limits of the 7’ Phase (Fe.N) 


Temperature Lower Limit Upper Limit 
°C Weight Pct Nitrogen 
650 5.30 (y-e-y’) 
625 5.6 (y'-e) 
600 5.30 (y-y’) 
590 5.30 (a-y-y’) 
550 5.45, 5.48 (a-y’) 5.70; 5.80 (y’-e) 
500 5.45 (a-y’) 5.75, 5.80 (7’-e) 
450 5.47 (a-y’) 


all samples at 580°C, allowed precipitation to occur 
at successively lower temperatures and then meas- 
ured only the amount of nitrogen retained in solu- 
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tion after quenching from the precipitation tem- 
peratures. Incomplete precipitation at low tempera- 
tures can account for high nitrogen values and 
accidental precipitation during quenching from high 
temperatures can explain the low values obtained 
by Dijkstra. 

The solubility limits shown in fig. 4 are markedly 
lower than those reported by Eisenhut and Kaupp.° 
These investigators found an appreciable expansion 
of the ferrite cell with inereasing nitrogen content 
and used ‘this relation to determine the saturation 
limit. As already pointed out, the lattice parameter 
method was rejected in this investigation because 
no variation of the parameter on the nitrogen con- 
centration of the a phase could be found. This is in 
accord with Hagg’s results.” In view of the latter 
agreement the validity of the results of Eisenhut 
and Kaupp may be questioned. The maximum 
solubility at the eutectoid temperature found by 
Seferian” (0.14 pct nitrogen) is in fair agreement 
with the results reported here. 


The y Phase (Nitrogen Austenite): The y phase, 
nitrogen austenite, has a face-centered cubic ar- 
rangement of the iron atoms and contains nitrogen 
in solution. Nitrogen austenite is stable above the 
eutectoid temperature (590°C). To prevent decom- 
position into pearlitic structures, all samples were 
water quenched from the nitrogenizing tempera- 
ture. It was not possible, however, to preserve the 
low-nitrogen samples in a completely austenitic 
condition, because martensite formed during the 
quench. Samples containing more than 2.4 pct nitro- 
gen-remained completely austenitic. From this fact 
it may be concluded that the M, temperature for 
iron-nitrogen alloys of these compositions is be- 
low room temperature. Although samples analyzing 
less than 2.4 pct nitrogen contained martensite in 
addition to austenite, it was safe to assume that 
they were completely austenitic at the nitrogeniz- 
ing temperature. 

The lattice parameter of nitrogen austenite was 
found to increase with increasing nitrogen content. 
Fig. 5 summarizes the results of X ray diffraction 
measurements. The relation shown in this plot was 
used to determine the high-nitrogen boundary of 
the y field. The lower limit could not be determined 
by the lattice parameter method, since samples 
having these compositions contained only small 
amounts of nitrogen austenite. The controlled nitro- 
genizing method was, therefore, employed to find 
these values. The results are given in table II and 
are in good agreement with the findings of Lehrer’ 
and Eisenhut and Kaupp.° 


The y/ Phase (Fe.N): The y phase has a face- 
centered cubic structure and exists over a very 
limited range of composition. X ray diffraction pat- 
terns of this phase with cobalt K radiation were 
found to contain several faint lines in addition to 
those normally belonging to a face-centered cubic 
structure. These additional lines were identified as 
superlattice reflections from the (100), (110), (210), 
(221), (310), (320), and (321) planes. Their rela- 
tive intensities and spacings are in good agreement 
with Jack’s work and confirm his interpretation of 
the ordered structure of the y’ phase. 

The lattice parameter of the y’ phase was found 
to change from 3.78, kx units at 5.29 pct nitrogen 


to 3.79, kx units at 5.71 pct nitrogen. Since this 
change was small, the lattice parameter method 
could not be used to determine the boundaries of 
the y’ phase. The homogeneity limits were there- 
fore determined by the controlled nitrogenizing 
method. The results are listed in table III. 

The « Phase: The « phase has a hexagonal close- 
packed structure and exists over a wide range of 
nitrogen concentrations. The results of X ray dif- 
fraction measurements are summarized in fig. 6 
which shows the dependence of the lattice para- 
meters and the axial ratio on the nitrogen content 
above 7.3 pct nitrogen. Attempts to obtain similar 
data for lower nitrogen contents were unsuccessful, 
because homogeneous samples in this range could 
not be produced. At temperatures at which such 
samples are stable, the erratic nature of ammonia 
decomposition prevented adequate control of com- 
position by nitrogenizing. An attempt to produce 
homogeneous low-nitrogen samples of the e« phase 
by decomposition of a high-nitrogen starting ma- 
terial failed owing to excessively high rates of de- 
composition. “ 

The composition limits of the e field were de- 
termined by the lattice parameter method. The 
results are presented in table IV. Owing to lack of 
experimental data for the low-nitrogen region, some 
values in this table were based on the extrapolated 
portions of the curve in fig. 6. 

The controlled nitrogenizing method was also 
used to determine the lower limit of the « phase at 
450° and 500°C. The results obtained are included 
in table IV and are in good agreement with the re- 
sults derived from lattice parameter measurements. 


The C Phase (Fe.N): The € phase which was orig- 
inally found by Hagg* has an orthorhombic struc- 
ture. Its unit cell dimensions were determined to be 

= 2.75, b = 4.82, and c = 4.43 kx units, respec- 
tively. This phase which exists at nitrogen con- 
centrations above 11.1 pct could be produced only 
by nitrogenizing at 450°C..Attempts to produce ¢ 
at 475° and 500°C were unsuccessful. 

The X ray technique used in this investigation 
was not accurate enough to warrant any interpre- 
tation of the atomic arrangement of the € phase. 
The diffraction patterns obtained by using cobalt K 
radiation were, however, in good agreement with 
the structure proposed by Jack.” 

The lower limit of the € phase was found to be 
11.1 pct nitrogen at 450°C which is also in good 
agreement with Jack’s work. No evidence of an e+f 
field was obtained. Either this two-phase region is 
extremely narrow, or there is a continuous transi- 
tion of the structure of « into that of C. 


The Iron-Nitrogen Phase Diagram: The various 
single-phase regions described heretofore are fitted 


Table IV. Composition Limits of the « Phase 


Controlled 
Temperature Nitrogenizing 

LT @] X ray Method Method 
675 4.35 (y-e) 

5.0 (e-y’) 
650 4.5 (y-e-’) 

6.2 (y’-e)) 
625 ae tas 
550 y'-€ 
500 7.70, 7.75 (7’-e) 7.70 (y’-e) 
450 7.95 (y'-e) 7.95 (7’-e) 

ii ee See ee ee 
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Fig. 5—Lattice parameter of nitrogen austenite as 
a function of nitrogen concentration. 


together to form the iron-nitrogen phase diagram 
shown in fig. 7. This diagram contains two eutec- 
toids; the corresponding reactions involve the a, y 
and 7’ phases and the y, « and y’ phases. 

The existence of the first eutectoid has been sug- 
. gested by most previous investigators»***%%%*% °® 
and the eutectoid temperature is known fairly accu- 
rately. The most recent determinations by Lehrer’ 
and Eisenhut and Kaupp’ fix this temperature to be 
590°C. Other determinations range from 580°C by 
Fry’ to 608°C by Bramley and Haywood.’ In the 
investigation reported here, no redetermination of 
_ this eutectoid temperature was undertaken and the 
value of 590°C was adopted. The eutectoid compo- 
sition determined by the intersection of the extra- 
polated composition limits of the y phase (fig. 7) is 
2.35 pct nitrogen. This value is in good agreement 
with the results of Lehrer’ and Eisenhut and Kaupp* 
but differs from the values ranging from 1.5 to 1.8 
pet nitrogen suggested by Fry,’ Sawyer,’ Epstein 
and coworkers» * and Hagg’ *. This eutectoid reac- 
tion can therefore be stated: 


Y2.35 = a.10 + 5.90 (590°C) 


The subscripts indicate the nitrogen content in 
weight percent. 

The existence of the second eutectoid reaction at 
650°C was proposed by Lehrer’ and was confirmed 
by the present research. It was found that iron- 
nitrogen alloys approximating the eutectoid compo- 
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1.64 
1.62 
1.60 
1.58 
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Axial ratio 
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sition quenched from 650°+2°C contained either 
y+teore +7 ory + y depending on the exact 
quenching temperature and the composition of the 
alloy. These results show that the eutectoid tem- 
perature is 650°C. Eisenhut and Kaupp’® proposed 
that a peritectoid reaction takes place at this tem- 
perature. Epstein’ ‘ reported the existence of ther- 
mal arrests at 660°C. The reaction temperature of 
650°C is thus in good agreement with results of 
previous work. 

Epstein did not find metallographic evidence of 
a eutectoid, and proposed a peritectoid in its place. 
The cogency’ of this negative reasoning may be 
questioned. Eisenhut and Kaupp also proposed a 
peritectoid reaction but their samples analyzing 
from 4.6 to 5.2 pct nitrogen and quenched from 
above 650°C contained y’ as well as « which is in- 
compatible with the peritectoid reaction proposed 
by them. Their experimental results can, however, 
be explained by the eutectoid transformation at 
650°C shown in fig. 7. 

The lattice constants of the « phase were found to 
have two different but constant values in the two 
two-phase fields: the low-nitrogen « + y field and 
the y’ + low-nitrogen « field. This fact is in accord 
with the existence of a homogeneous « field between 
the two two-phase fields. Furthermore observations 
of relative intensities of the strongest diffraction 
lines from the « and y or e and y’ phase mixtures 
showed that the amount of « first increased and 
then decreased as the nitrogen content increased 
from 3.0 to about 5.2 pct nitrogen in samples 
quenched from slightly above 650°C. Similar varia- 
tions in intensities were found in samples quenched 
from 660° and 675°C, but the nitrogen concentra- 
tions were slightly altered as shown in fig. 7. The 
shape of the low-nitrogen « field is a further argu- 
ment in support of the existence of the eutectoid. 
The eutectoid composition was fixed at 4.5 pct nitro- 
gen which is in agreement with Lehrer.® This eutec- 
toid reaction can be stated: 


ean 2.80 aL ice (650°C) 
The subscripts indicate the invariant compositions 
in weight per nitrogen. 


2.76 Fig. 6 — Lattice para- 
meters and axial ratio 
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Fig. 7 — Iron-nitrogen 
phase diagram. 


Temperature °C 


The phase diagram determined 
in this investigation resembles in 
general form that of' Lehrer’ more 
closely than any other published 
diagram. There are, however, a 
number of significant differences 
especially in the composition limits 10 
of the various phases. 


It should be emphasized that the iron-nitrogen 
phase diagram differs in an important feature from 
the common metallurgical diagrams. The latter 
represent equilibrium relations at constant pres- 
sure while the iron-nitrogen phase diagram shown 
in fig. 7 is a projection of the various solid-phase 
equilibria in the temperature-pressure-concentra- 
tion equilibrium diagram onto a temperature-con- 
centration plane. 

Summary and Conclusions 

1. A method for the determination of the phase 
boundaries in the iron-nitrogen system was de- 
veloped. This method depends on the relation 
between the nitrogenizing power of an ammonia- 
hydrogen gas mixture and the nitrogen concentra- 
tion of the iron-nitrogen alloy produced by 
nitrogenizing. 

2. The following iron-nitrogen phases were found 
to exist in the temperature range from 450° to 
WO0SC: 


Jig Ny: 


Phase Structure Remarks 
a BiCiCis ao) = 2:06 kx Maximum solubility 0.10 
units pet nitrogen at 590° C 
¥ MiG Ca age oe ble Ke Maximum solubility 2.80 
units at 1.45 pct nitro- pet nitrogen at 650° C 
gen to 3.643 kx units at 
2.78 pet nitrogen 
yy’ F.C.C.; a = 3.783 to 3.793 Homogeneity limit 5.30 
kx units to 5.75 pct nitrogen 
€ H.C.P.; c = 4.373 to Very wide range of 
4.414 and a = 2.702 to homogeneity, 4.35 to 
2.764 kx units 11.0 pet nitrogen 
é Orthorhombic Lower homogeneity limit 
a= 2.75, b = 4.82 11.1 pet nitrogen at 
ec = 4.43 kx units 450° C 


3. The phase boundaries of the a, y, y’, «, and 
phases were determined. 
4. Two eutectoid reactions were found to exist 
in uns phase diagram: 
2.35 — &o.10 + 5.20 (590° (eo) 
- €4.5 <= = 2.0 + y’s.00 (650° C) 


ZOmerOOs. 40s: 5.0. ".60 1) POMC Om 90: 310.0 lO! a0 


Nitrogen, weight per cent 


The subscripts show the invariant compositions in 
weight percent of nitrogen. 

5. The iron-nitrogen phase diagram in the tem- 
perature range 450-700°C was constructed. 
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A Study of the 


HIS study of the ternary has been made as one 

phase of a metallurgical investigation which 
began nearly four years ago in the General Electric 
Company’s Research Laboratory in Schenectady, 
N. Y. The objective of this program is the discovery 
of new metallurgical information which will lead to 
the development of better high-temperature ma- 
terials. Combinations of the four pure base ele- 
ments—iron, chromium, nickel, and cobalt—are be- 
ing studied at the present time. It is essential in an 
investigation such as this to know as much as pos- 
sible about the constitutional diagrams involved. 
The study of the iron-chromium-nickel system has 
been made to this end. 


Preliminary Explanation of Experimental Pro- 
cedure: In all, fifty-five alloys at steps of 10 at. pct 
were made for the investigation of this ternary. 
Several ternary alloys in the chromium rich corner 
had to be omitted because their extreme brittleness 
made testing impractical. All alloys were vacuum 
melted with hydrogen reduction and centrifugally 
cast. The apparatus and technique of this process 
has been described in detail by Nisbet.’ * The purity 
of the alloys prepared in this way is considered to 
be quite good. 


Impurities are listed as follows: 


Pet 
Carbonic acco tment st. 0.02 
Oxygen......... EiSROVAN iG ect peNCS 0.02 
UNTO PG Taz eae acai cers dec 0.005 
MaeneSluiMgn tne sick as 0.03-0.05 
S Ul p hiuieae oe tise erate aces trace 
EAV.GrOS ease rt. trace 
EHOSPNGLOUSSE eae trace 
Silicontiracres. fot tae trace 


After casting, all samples were given a homo- 
genization treatment which consisted of holding 
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lron-Chromium-Nickel Ternary System 


them for 15 hr at 1150°C (2100°F) and water 
quenching. Testing was begun with the samples in 
this condition. 

The tests employed in the study of this system 
were (1) dilatometer, (2) hardness versus aging 
temperature, (3) tensile strength and elongation 
versus temperature, (4) microstructure analysis, 
and. (5) electrical resistance versus temperature. 
Dilatometer tests were made at the rather rapid 
heating rate of 1093°C (2000°F) in one hour on a 
Bristol-Rockwell type instrument. Hardness data 
were taken on specimens cooled from 204°, 427°, 
649°, 760°, 871°, 982°, and 1093°C under condi- 
tions which are thought sufficient to bring the speci- 
mens to equilibrium in all but the cases of the very 
sluggish transformations. Electrical resistance data 
for several specimens were taken for both heating 
and cooling conditions in a vacuum furnace espe- 
cially designed for this work by D. W. Bainbridge, 
formerly of this laboratory. Provisions were made 
for heating and cooling standard specimens at a 
constant rate, while autographic records of resist- 
ance and temperature were made simultaneously. 
Micrographs of all the alloys were made in the 
quenched condition. 


Some question may exist as to how such physical 
values as hardness, tensile strength, and elongation 
were interpreted to indicate a change in phase. 
Original data were recorded on physical property 
versus temperature graphs, each of which was 
made from the data of a single alloy (fig. la). From 
these, another series of graphs were plotted with 
the physical property as a function of composition 
for constant temperatures (fig. 1b). Sharp devia- 
tions in the slope of these composition versus hard- 
ness curves often indicate a change in phase. 


The example of fig. 1 will serve:to describe this 
experimental technique. The plotting of a single 
point from graph “a” to graph “b,” and finally to 
the phase diagram “c,”’ is illustrated. The location 
of the point on graph ‘“‘b” is indicated as point (1). 
If all the alloys of the A-B binary system were 
solid solutions at temperature X, the hardness in 
this curve would be expected to rise at a fairly 
even rate as A is diluted with B to a maximum at 
some intermediate value between A and ‘Byas 
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The iron-chromium-nickel ternary phase relationships in fifty-five alloys have 
been studied by means of hardness, elongation, tensile strength, dilatometer indica- 
tions, and microstructure analysis. A comparison has been drawn between the con- 
clusions reached and a composite picture of the ternary made from what were 
considered the best references on the subject. The diagrams presented represent a 
ternary picture which is regarded as a fairly accurate picture of the ternary situation. 


by J. W. Pugh and J. D. Nisbet 


shown by the solid line, and then to be reduced in 
the same fashion as the amount of A dissolved in 
B is decreased as shown by the dotted line. This 
effect is in evidence from constituent A to about 60 
pet B or to point (1) in fig. 1b. At point (1) the 
hardness suddenly rises very rapidly to point (2). 
~ Point (1) is chosen as the point at which the phase 
boundary exists for temp. X, and composition Y, 
because of the sudden rapid rise in hardness values 
at this point. 

Physical properties do not always provide the 
best criterion for the determination of equilibrium 
diagrams. It is also true that equilibrium diagrams 
may not provide a means of accurately predicting 
physical properties. An improvement in the appli- 
cation of fundamental information to alloy design 
must come about through “physical property dia- 
grams,” or more specific relationship between 
physical properties and equilibrium. Therefore, an 
attempt was made in this survey to relate physical 
properties to the equilibrium diagram. 

- The Iron-Chromium Binary: The iron-chromium 
system presented here (fig. 2) is the result of a 
selection from the data of Adcock* and Wever and 
Jellinghaus.* A very limited amount of the data 
from the investigation at General Electric applies 
to this binary, but a dilatometer test of the alloy 
containing 10 pet chromium reveals the lower ex- 
tremity of the gamma loop at 890°C. This location 
is in good agreement with previous investigations. 

None of the samples was held at temperature 
long enough to permit the precipitation of sigma, 
the extremely hard, brittle intermediate constitu- 
ent of this system. The sigma region of the binary 
presented here follows that of Wever and Jelling- 
haus.‘ Undoubtedly this sigma region is greatly 
expanded at lower temperatures as is suggested by 
Bradley and Goldschmidt,’ who report evidence of 
a transformation to sigma at 75 pct chromium, and 
by Aborn and Bain,’ who suggest that the two phase 


boundary be slanted in the direction of 20 pct © 


chromium at room temperature. Hougardy’ also 
states that this phase is much more extensive than 
the work of Wever and Jellinghaus indicates. There 
is certainly a need for a more comprehensive study 
of this phase using long holding times at tempera- 
ture or mechanical working in order to enclose this 


phase within boundaries which more accurately 
approach the equilibrium situation. 


The Iron Nickel Binary: This diagram (fig. 3) was 
constructed from diagrams proposed by Merica* and 
by Hansen.’ The position of the alpha plus gamma 
area at low temperatures in this system has long 
been a controversial subject. The characteristic 
“irreversability” or hysteresis of this transforma- 
tion has resulted in two widely divergent sets of 
boundaries for this area. The two alpha plus gamma 
ranges, one of which is consistently obtained from 
cooling data while the other is obtained from heat- 
ing data, probably indicate one equilibrium range 
which lies somewhere between the two. Since it 
has frequently been observed that there is consid- 
erably less resistance to the alpha to gamma trans- 
formation than there is to the gamma to alpha 
transformation, diagrams produced from heating 
data are very likely closer to true equilibrium than 
those produced from cooling data.” 

Curiously, the data produced by the dilatometer 
tests place this region in about the position which 
might be predicted from Merica’s diagram if we 
regard the region at higher temperatures as the 
most accurate. 

The boundaries of the area beyond about 35 pct 
nickel have never been determined because at these 
compositions the increase in free energy when the 
alloy crosses thermally into the two phase region 
is insignificant compared to the resistance offered 
to the transformation. This increased resistance at 
higher nickel concentrations is caused by a de- 
crease in the equilibrium temperature of the trans- 
formation and also the change in concentration. 
As indicated by Marsh,” the increase in resistance 
owing to the presence of a greater number of nickel 
atoms is probably caused by a low rate of diffusion 
since the atoms of iron and nickel are very similar 
in volume. For these reasons there seems little hope 
of completing an iron-nickel binary which very 
closely approaches equilibrium. 

Two micrographs from this system are published 
here. The one of the 90 pct.iron sample (fig. 17) 
shows areas of precipitated alpha which are rela- 
tively large and equiaxed when compared to the 
specimen at 80 pct (fig. 18) in which alpha has 
precipitated in the familiar Widmanstatten struc- 
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Fig. 1—Schematic representation of experimental 
technique in the use of physical properties to 
study phase changes. 


ture. These pictures reveal that the transformation 
is active enough at these low nickel compositions 
to cause alpha to precipitate on quenching, but at 
higher nickel contents the transformation does not 
take place with long holding times at temperature. 


The Chromium-Nickel Binary: Data for the dia- 
gram presented here (fig. 4) were selected from the 
work of Hansen,’ Matsunaga,” and Jenkins, Buck- 
nall, Austin, and Mellor.” Data taken in this labora- 
tory corroborate the limits of solid solubility indi- 
cated in this diagram. 

Some of the micrographs taken of the alloys in 
this system are interesting. The one containing 90 
pet chromium (fig. 19) reveals markings which ap- 
pear similar to those speculated upon by Jenkins 
and his associates. The Jenkins paper suggested 
that the markings were caused by the precipitation 
of a compound containing nitrogen and it was 
thought that a comparison of several alloys con- 
taining varying amounts of nitrogen confirmed this 
theory. This photograph also shows a gamma pre- 
cipitate (the light grey constituent) and the exist- 
ence of gamma above 90 pet chromium is verified. 

The micrograph (fig. 20) of a 60 pct chromium 
alloy quenched from 1150°C (2100°F) shows light 
primary alpha surrounding the darker, mottled 
eutectic. An examination of the chromium-nickel 
binary diagram shows that the solubility of gamma 
in alpha solid solution is decreased by diminishing 
temperature. This accounts for the occurrence of 
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Fig. 2—Selected from Wever and Jellinghaus* and 
Adcock.® 


precipitated gamma within the primary alpha. 

The micrograph (fig. 21) of a 70 pct chromium 
alloy also quenched from 1150°C (2100°F) shows 
dark oxide inclusions and eutectic colonies in an 
unetched specimen. 

An electrical resistance versus temperature test 
was made on a specimen containing 80 pet chromium 
with the hope that any change in structure other 
than the alpha to gamma transition might cause a 
break in the resistance curve. The curve which re- 
sulted from heating the specimen at the rate of 
200°C per hr was difficult to interpret because the 
specimen both volatilized and oxidized to some ex- 
tent in the vacuum which was provided by the 
testing apparatus. This effective diminishing of the 
conducting cross section tended to confuse the other 
factors of increasing temperature and phase change. 
However, two small breaks were observed in what 
was otherwise a fairly regular curve. The first 
break occurred at 722°C, while the second appeared 
at 1084°C. The latter is easily accounted for by the 
gamma to alpha transition, while the former may 
possibly account for the development of the extra 
precipitate suggested by Jenkins and his associates.” 
Fig. 22 is a micrograph of the alloy tested (Cr80, 
Ni20). 

The Iron-Chromium-Nickel Ternary: The first 
comprehensive investigation of this ternary was by 
Bain and Griffiths® in 1927. This early investigation 
revealed the relative positions of the alpha, gamma, 
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Fig. 3—Selected from Merica* and Hansen.° 


and alpha plus gamma phase fields on the iron side 
of the diagram and established the existence of the 
brittle constituent sigma (referred to by Bain and 
Griffiths as B). Since then, considerable experi- 
mentation has fairly well defined the ternary sys- 
tem. However, it is recognized that the exact equili- 
brium situation has only been approached and that 
in many instances the existing diagrams indicate 
phase changes in positions which are rather far re- 
moved from the true equilibrium positions. The two 
chief difficulties have been that of obtaining a suf- 
ficiently high degree of purity in the alloys and 
that of promoting the more sluggish transforma- 
tions (notably the transformation to sigma). 

The system has been studied in this case by first 
preparing a series of isothermal sections at selected 
temperatures and a series of nine constant-iron 
composition sections at intervals of 10 pct iron. The 
sections were constructed from a composite selec- 
tion from the data of the following investigations: 
1. Jenkins, Bucknall, Austin, and Mellor;” 2. Brad- 
ley and Goldschmidt;* 3. Schafmeister and Ergang;” 
and 4. Wever and Jellinghaus.* Data from the first 
reference were used chiefly in choosing the solidus 
and liquidus temperatures, while the other three, 
which for the most part are in fairly close agree- 
ment, were used in plotting the limits of solid solu- 
bility. A three-dimensional model of the system 
was constructed from these data using Plexiglass 
sheet for vertical sections of constant-iron compo- 
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Fig. 4—Selected from Hansen,’ Matsunaga," Jen- 
kins, Bucknall, Austin, and Mellor.” 


sitions and for the three binaries, all of which were 
marked to show the phase changes. It was then pos- 
sible to compare the data taken in our laboratories 
with that of the previous investigations. 

Points plotted from hardness, tensile strength, 
and elongation data are taken from graphs made 
especially for this purpose with composition plotted 
against hardness, tensile strength, or elongation at 
constant temperatures. Points plotted from the data 
are in each case indicated in such a way as to show 
whether the source was dilatometer, hardness, 
tensile strength, or elongation. Dilatometer tests 
provide a very limited amount of information on 
this system owing to the temperature limitation 
(1093°C) of the instrument. Of the other tests, 
hardness is the most reliable and was put to the 
greatest use, but tensile strength and elongation 
were useful in corroborating changes indicated by 
hardness data. 

An examination of fig. 5, 6, 7, and 8 will reveal 
that the data of this investigation were in close 
agreement with the reference investigators up to 
50 pet iron. However, in a constant-iron plane at 


~ 50 pct iron there is a consistent difference which 


would enlarge the gamma region of solid solubility 
as indicated in fig. 9.:This change disagrees speci- 
fically with a similar section published by Schaf- 
meister and Ergang” who have placed the limit of 
solid solubility of gamma below 1000°C at about 
22 pct nickel in this 50 pct iron section. Physical 
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Fig. 14—Fe-Cr-Ni isothermal section. 800°C. 
Ref. 4, 12, 14, 15. 
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Fig. 16—Fe-Cr-Ni isothermal section. 1100°C. 
Ref. 4, 12, 14, 15. 


property data consistently indicate that this limit 
should be located at less than 20 pct nickel (fig. 9). 
Microstructure analysis substantiates the existence 
of this phase boundary below 20 pct nickel. A com- 
parison of fig. 28 (50Fe, 10Ni, 40Cr) and fig. 30 
(50Fe, 20Ni, 30Cr) reveals that the boundary of the 
two phase region falls some place between these 
adjacent alloys. 

The section at 60 pct iron, which had to be con- 
structed originally from published isothermal sec- 
tions, is again in good agreement with the data 
taken in this laboratory as is indicated in fig. 10. 

The section at 70 pct iron published here (fig. 11) 
differs considerably from the Schafmeister and 
Ergang section at this concentration, since these 
authors apparently have not allowed for a very ex- 
tensive alpha plus gamma field in the iron-nickel 
binary. The data available on the alloys represented 
by this section are not very revealing, but the phase 
boundaries must be very nearly in the positions 
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Fig. 15—Fe-Cr-Ni isothermal section. 400°C. 
Ref. 4, 12, 14, 15. 


60 70 60 


indicated. If the 70 pct iron section as represented 
here is correct, the micrograph of fig. 23 (70Fe, 10Ni, 
20Cr) might be expected to show a precipitation of 
alpha on quenching from 1150°C such as fig. 24 
(80Fe, 10Ni, 10Cr) shows. The fact that this pre- 
cipitation is not in evidence in the former micro- 
graph may, however, be attributed to the same 
tendency for increasing resistance to transforma- 
tion with decreasing iron content as was explained 
in the discussion of the iron-nickel binary. In this 
case the increase in chromium content must be held 
responsible. It seems logical to assume that the 
effect of additional chromium atoms would be 
similar to the effect of adding more nickel, since 
the chromium atom is also very similar in size to 
the iron atom and it is this similarity which im- 
pedes diffusion. ‘ 

The section at 80 pct iron (fig. 12) has been ad- 
justed at lower temperatures to fit the dilatometer 
data furnished by this laboratory and the situation 
presented in this diagram would seem to be the 
logical one. The micrograph of the alloy which is 
represented by the middle of this section (fig. 24) 
shows the expected alpha plus gamma Widman- 
statten structure. 

The 90 pct iron section (fig. 13) at low tempera- 
tures is also the result of dilatometer data; as it has 
been presented here it represents alpha plus gamma 
as a region almost triangular in shape and whose 
three vertices are points on the iron-nickel and 
iron-chromium binaries. 

The shape of the alpha plus gamma region in the 
iron rich part of the diagram is quite odd. It is 
nearly impossible to visualize without the aid of a 
three-dimensional model. Beginning at the peri- 
tectic point (1500°C) in the iron-nickel binary, it 
bends down toward and touches the iron-chromium 


_ binary forming the gamma loop of that system (be- 


tween 1400°C and 850°C). At still lower tempera- 
tures it sweeps back again toward the nickel-iron 
binary where it makes contact in the disputed alpha 
plus gamma region of that system. Never is this 
region common to both binaries at the same tem- 
perature and iron composition, but fluctuates from 
one to the other until the iron composition reaches 
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Fig. 21 (upper left)— 
Composition: 70 Cr 30 
Ni. Fig. 22 (upper 
right) — Composition: 
80 Cr 20 Ni. Etchant: 
HCl + H.O.,. Fig. 23 
(lower left) — Compo- 
sition: 70 Fe 20 Cr 10 
Ni. Etchant: Kahlings 
Reagent. Fig. 24 (low- 
er right) — Composi- 
tion: 80 Fe 10 Cr 10 
Ni. Etchant: Kahlings 
Reagent. 


Note: All micrographs are 

of alloys held for 15 hr at 

! 1150°C (2100°F) and 
quenched. 
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Fig. 17 (upper left)— 
Composition: 90 Fe 10 
Ni. Fig. 18 (upper 
right) — Composition: 
80 Fe 20 Ni. Fig. 19 
(lower left) — Compo- 
sition: 90 Cr 10 Ni. Fig. 
20 (lower right) — 
Composition: 60 Cr 40 
Ni. Etchant: HCl + 
H,0O.. 


Note: All micrographs are 
of alloys held for 15 hr at 
1150°C (2100°F) and 
quenched. 


Fig. 25 (upper left)— 
Composition: 30 Fe 30 
Cr 40 Ni. Etchant: 
Marbles Reagent. Fig. 
26 (upper right) — 
Composition: 30 Fe 40 
Cr 30 Ni. Etchant: 
(NO,), C, H, OH + 
HCl. Fig. 27 (lower 
left)—Composition: 40 
Fe 40 Cr 20 Ni. Etch- 
ant: (NO.), C, H, OH 
+ HCl. Fig. 28 (lower 
right) — Composition: 
50 Fe 40 Cr 10 Ni. 
Etchant HCl + H, O.. 


Note: All micrographs are 
of alloys held for 15 hr at 
1150°C (2100°F) and 
quenched. 


ue 
A 


5 


oe 


* 


ty, 


ay 


Ore eZ 
tty 


<e) 
~ 


acs. 


TRANSACTIONS AIME, VOL. 


Fig. 29 (upper left)— 


‘Composition: 60 Fe 30 


Cr 10 Ni. Etchant: HCl 
+ H, O,. Fig..30 (up- 
per right) — Composi- 
tion: 50 Fe 30 Cr 20 
Ni. Etchant: (NO,), C, 
H, OH + HCI. Fig. 31 
(lower left) — Compo- 
sition: 20 Fe 50 Cr 30 
Ni. Fig. 32 (lower 
right) — Composition: 
30 Fe 50 Cr 20 Ni. 


Note: All micrographs are 
of alloys held for 15 hr at 
1150°C (2100°F) and 
quenched, 
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something over 35 pct. At this point it presumably 
forsakes both binaries and expands to cover a vast 
range of temperature and intermediate composi- 
tions until it reaches the chromium-nickel binary. 

The isothermal sections of fig. 14, 15, and 16 are 
published to indicate the differences in phase situa- 
tion at the various temperatures. 

Some of the micrographs of alloys which lie in 
this ternary alpha plus gamma region show inter- 
esting structures. Fig. 25 (30Fe, 30Cr, 40Ni) shows 
upon close examination what might be a minute 
quantity of precipitated alpha along crystallo- 
graphic planes. This would infer that the alpha plus 
gamma region might be larger than previous inves- 
tigation and our own hardness data (fig. 7) would 
indicate. This is a questionable region of the 
ternary. The alloy adjacent to this one (fig. 26— 
30Fe, 40Cr, 30Ni) shows a greater amount of pre- 
cipitated alpha along the crystallographic planes. 

Fig. 27 is a micrograph of an alloy (40Fe, 40Cr, 
20Ni) which shows a typical eutectic structure 
occurring in this system. 

Fig. 28 (50Fe, 40Cr, 10Ni) and fig. 29 (60Fe, 30Cr, 
10Ni) present microstructures composed of white 
gamma crystals which precipitated from grey alpha 
solid solution along the alpha grain boundaries as 

well as within the alpha grains. 

' The microstructures of fig. 31 and 32 show the 
increase in structure coarseness with increasing iron 
content. Fig. 33 shows a microstructure typical of 
the nickel-rich gamma solid solution and fig. 34 
shows an iron-rich gamma solution since the dif- 
fusion of atoms at this composition is too sluggish 
to permit alpha to precipitate. 


Summary 


The constitutional diagram of iron-chromium- 
nickel alloys of a high degree of purity has been 
studied by hardness, elongation, tensile strength 
and dilatometric methods. The data collected in 
this way have verified much of the results of pre- 
vious investigations. An enlargement of the gamma 
phase at 60 pct iron has been suggested on the basis 
of physical properties and a modification of many 
of the published diagrams in the iron rich corner 
has been made. Some of the most interesting of the 
micrographs of the fifty-five alloys tested are pub- 
lished and provide much interesting information 
about the system. While the extent of the sigma 


Fig. 33 (left) — Com- 
position: 10 Fe 80 Cr 10 
Ni. Fig. 34 (right) — 
Composition: 70 Fe 10 
Cr 20 Ni. Etchant: 
Kahling’s Reagent. 


Note: All micrographs are 
of alloys held for 15 hr at 
1150°C (2100°F) and 
quenched. 


phase is probably considerably less than that of 
equilibrium and the alpha plus gamma region of 
the iron-nickel binary is rather ill defined, the dia- 
grams presented here are believed to show a pic- 
ture of the system which is as nearly accurate as is 
presently possible. 
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Effects of Three Interstitial Solutes (Nitrogen, Oxygen, and Carbon) 


on the Mechanical Properties of High-purity, Alpha Titanium 


by Walter L. Finlay and John A. Snyder 


The effects of three interstitial solutes—nitrogen, oxygen, and carbon—on the 
mechanical properties of high-purity alpha titanium were determined on fusion- 
alloyed, annealed specimens in comparison with a substitutional solute, iron. A good 
correlation between bend ductility as well as the several microtensile properties and 
Vickers hardness was established for both the binary and ternary alloys of the inter- 
stitial solutes. In contrast to substitutional solutes, it was shown that the element 
with the lowest solubility had the greatest strengthening effect and this was dis- 

cussed relative to the associated lattice parameter changes. 


EVERAL notable studies of the effects of sub- 
stitutional solutes have been reported. Outstand- 
ing among these for its elucidation of general prin- 
ciples, is the summarized work of Hume-Rothery 
and coworkers.’ For a systematic study of the effects 
of substitutional solutes on the mechanical proper- 
ties of the solvent lattice, the work of Brick, Martin, 
and Angier*® on copper; of Frye and coworkers’ *° 
on copper and silver; and of Lacy and Gensamer’® 
and of Austin‘ on iron may be mentioned. 
Titanium is one of the few elements offering the 
possibility of a similar study of interstitial solutes 
since, unlike most metallic elements, it exhibits 
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extended solid solubility for most of the inter- 
stitial solutes—hydrogen, boron, nitrogen, oxygen, 
and carbon. This paper reports a survey of the 
effects of dilute solutions of nitrogen, oxygen, and 
carbon on the mechanical properties of high-purity 
alpha titanium. 

Previous Work: Van Arkel and De Boer showed* 
that high purity titanium was quite ductile and 
De Boer, Burgers and Fast established’ ” that not 
only were oxygen and nitrogen very soluble in 


solid titanium but that, long before the limit of 
solid solubility of either had been reached, these 
interstitial solutes rendered the metal brittle. 
Their electrical resistance data as a function of 


Mamber (5 kg.) 
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an 
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Flengation (per cent in 1/2 in.) 


0.2 Per Cent Offset Yield and Ultimate Strengths (x 10? psi) 


Hitrogen (weight per cent) 


Fig. 1—Tensile properties and Vickers hardness of 
annealed, high-purity binary titanium nitrogen alloys. 
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Elongation (per cent in 1/2 in.) 


0,2 Per Cent Offset Yield and Ultimate Strengths (x 10? psi) 


0.05 0.10 0.15 
Qxygen (weight per cent) 

Fig. 2—Tensile properties and Vickers hardness of 

annealed, high-purity binary titanium oxygen 

alloys. 


temperature showed that, with increasing con- 
taminant, the alpha-beta transformation was both 
raised and spread over a temperature range. From 
this it may be inferred that the terminal alpha 
titanium solid solution in both binary alloys is 
formed by a peritectoid reaction. Ehrlich reported™ ” 
that the four binary systems of titanium with nitro- 
gen, oxygen, carbon, and hydrogen were very 
similar and gave their maximum binary solid solu- 
bilities plus that of boron in titanium as: 


Element Atomic Pct 
Hydrogen 33 
Oxygen 30 
Nitrogen 18 
Carbon 8 
Boron i 


Ehrlich gave no indication of the temperatures at 
which these maximum solubilities were obtained 
and it is believed that they can at best be con- 
sidered only as approximations. 

Fast concluded” that nitrogen had a more potent 
influence on the properties of titanium than did 
oxygen. Wartman, on the other hand, stated™ that 
oxygen is the most important of all impurities in 
its effect on the mechanical properties of titanium. 
However, no quantitative data were presented by 
either investigator. The first report of such in- 
formation was recently given“ by Jaffee and Camp- 
bell. This work covered the effects in binary alloys 
of nitrogen, oxygen, and hydrogen on Vickers hard- 
ness, ultimate tensile strength, and percentage 
elongation. 

Experimental 

Outline of Investigation: Titanium produced by 
the Van Arkel and De Boer process* involves the 
decomposition of titanium tetra-iodide on an in- 
candescent filament and gives titanium of the high- 


est purity obtainable.” Such titanium was employed 
throughout this investigation. As being prepared 
by the Battelle Memorial Institute for use in re- 
search programs sponsored by the Remington Arms 
Co., Inc., and others, this highest purity titanium > 
has shown individual Vickers hardness readings as 
low as 60 and average Vickers hardnesses in the 
neighborhood of 70. In sharp contrast, commercial 
purity titanium has a Vickers hardness up to three 
times this minimum value.” 

Battelle’s best estimate” of the chemical com- 
position of the iodide titanium prepared for alloy 
development work is as follows: 


Standard Quality Highest Purity 


Raw material 98.6 pct titanium 99.8 pct iodide titanium 


As-deposited hardness 80-90 VHN 70-80-VHN 
Titanium 99.85 99.95 
Nitrogen 0.005 0.002 

Oxygen undetermined undetermined 
Carbon 0.03 <0.03 

Iron <0.04 <0.02 
Aluminum <0.05 <=0.03 

Silicon <0.03 <=0.03 


N.B.: 1. Both grades contain trace quantities of 
tungsten, molybdenum, lead, nickel and calcium. 


2. Starting filament made of 99.8 pct titanium. 


3. Based on Derge’s results,“ the oxygen con- 
tent is believed to be approximately 0.01 pct in the 
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Fig. 3—Tensile properties and Vickers hardness of 


annealed, high-purity binary titanium carbon 
alloys. 


standard quality and somewhat less than this in 
the highest purity grade. 

Alloys and their unalloyed controls were pre- 
pared by fusion of as-deposited iodide titanium 
rod. Ingots approximately 10 g in weight were 
melted in purified argon in an electric arc furnace. 
In the case of alloys, the highest purity obtainable 
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element or titanium compound of the element, such 
as oxide, nitride, and carbide, was encapsulated in 
iodide titanium rod prior to melting. The cast in- 
gots were cold rolled to 0.040 in. thick sheet, me- 
chanically cleaned, 1000°C vacuum annealed, cold 
rolled to 0.020 in., and finally were annealed for 
one hour at 700°C in vacuum. For both the un- 
alloyed titanium and its dilute binary and ternary 
alloys discussed in this paper, this treatment gave 
an annealed, equiaxed grain size of 0.020—0.025 
mm av. diam. Several representative micrographs 
of these materials are presented in fig. 18-22. These 
were prepared according to the techniques re- 
cently” described by Finlay, Resketo and Vordahl. 


Microtensile Testing: The scarcity and high cost 
of iodide titanium, particularly at the time when 
this investigation was undertaken, dictated the 
use of micrometallurgical procedures. Accordingly, 
equipment and techniques were established where- 
by accurate and reproducible tensile test results 
could be obtained on specimens having an overall 
length of 24% in. and gauge dimensions of 0.020 x 
0.150 x 0.5 in. Yield and ultimate tensile strengths 
determined on microtensile and on_ standard 
A.S.T.M. sheet specimens of the same metal were 
found to agree closely; the microtensile elongation 
(over a % in. ga. length) was approximately five 
percentage points higher than the standard elonga- 
tion (over a 2 in. ga. length) as was to be expected 
because of the proportionately larger effect which 
necking elongation has in the total \% in. ga. length 
elongation. All microtensile results reported in this 
paper were on specimens whose longitudinal axis 
was parallel to the rolling direction; all the tensile 
data given are the average of three specimens. 


Hardness Testing: Two 5-kg Vickers hardness 
determinations were made on each microtensile 
specimen. Thus, in general, each hardness figure 
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Fig. 4—Tensile properties and Vickers hardness of 
annealed, high-purity binary titanium-iron alloys. 


packed structure. The conventional tensile test in- 
volves uniaxial stress during the period of uniform 
elongation and appreciable triaxiality during neck- 
ing. With an 0.020 in. thick sheet specimen it is not 
feasible to determine reduction of area in the ten- 
sile test so that this index of reaction to triaxial 
stress was not available in this investigation. A 
sheet bend test, on the other hand, is quite con- 
venient to conduct and, when a width-thickness 
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Fig. 5—Correlation of Vickers hardness with the lattice parameters and C)/ao ratios 
of annealed, high-purity, binary, titanium-base alloys containing nitrogen, oxygen 
and carbon. 


reported in this paper is the average of six hardness 


' determinations. 


Bend Ductility: The degree of axiality of the 
stress condition imposed by a given test is of par- 
ticular importance in the case of alpha titanium 
because of the relatively few slip systems avail- 
able for plastic deformation in its hexagonal-close- 


0 


ratio of eight or more is employed, considerable 
stress biaxiality is involved. Accordingly, a bend 
test was included in this investigation, employing 
specimens having dimensions of 0.020 XK % X 2% 
in. 

All the specimens involved in this study were 
found capable of being bent over a sharp (0.005 in. 
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Vickers Hardness Number (5 kg.) 


Composition (weight per cent) 


Fig. 6—Relationship between Vickers hardness and 

composition by weight of annealed, high-purity, 

binary titanium-base alloys containing nitrogen, 
oxygen, carbon and iron. 


Vickers Hardness Number (5 kg.) 


“Composition (atomic per cent) 


Fig. 7—Relationship between Vickers hardness and 

composition by atomic percent of annealed, high- 

purity, binary, titanium-base alloys containing ni- 
trogen, oxygen, carbon and iron. 


radius) wedge having an included angle of 16. 
without any evidence of cracking. Specimens so 
bent were then folded flat on themselves (the 75° 


® 


included angle being thereby reduced to zero) and, 

if a particular specimen had not suffered cracking 

by then, it was opened out, by which action it was 

considered that the included angle decreased from 
zero to some negative value, e.g. to —180° if the 

specimen had been opened out flat. The bend ductil- 

ity was taken as the angle at which the first evi- 

dence of cracking was detected. 

Reproducibility of Results: A statistical analysis 
of the hardness, bend ductility, and microtensile 
properties of high-purity, unalloyed iodide titanium 
ingot melts made in the arc melting furnace during 
the period in which the melts involved in this 
study were made, showed the following rough 
screening differences for the various mechanical 
properties: 


Bend Ductility i BO 

Hardness 11 VHN 
0.2 pet Yield 4,700 psi 
Ultimate 5,300 psi 


Elongation (1% in.) 10 pet 
These rough screening differences are triple the 


0.2 Per Cent Offset Yield Strength (x10 psi) of the Same Alloys 


VHN of Binary (@) and Ternary (0) 
Nitrogen, Oxygen and Carbon Alloys 


Fig. 8—Correlation of Vickers hardness with yield 

strength of annealed, high-purity, binary and 

ternary, titanium-base alloys containing nitrogen, 
oxygen and carbon. 


standard deviations and mean that if a sample has 
property values different from its reference base 
by more than the value given, then that sample is 
significantly different since, in even the borderline 
cases having differences just exceeding the values 
given, the probability of such a difference occur- 
ring by chance alone is only one in twenty. 
Properties of’ Unalloyed Base Material: The 
average properties of the unalloyed iodide titanium 
employed in this investigation, in the form of 0.020 
in. thick, annealed sheet with an 0.025 mm av. diam 
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grain size and fabricated from a fused, 10-g ingot 
were: 


Bend Ductility —110° 
Hardness 103 VHN 
0.2 pct Yield 21,400 psi 
Ultimate 46,000 psi 
Elongation (1% in.) 50 pet 


Because of the number of 10-g ingots involved, 
more than one iodide filament were used and this 
accounts for the variation in unalloyed properties 
shown in fig. 1-4. Both standard quality and high- 

est purity iodide titanium grades were used, the 
latter for the lower alloy additions. 


Analysis of Chemical Composition: It had fortun- 
ately been found, in melting gram quantities of 
pure iodide titanium in the are furnace, that the 
furnace charge and the resulting cast ingot had the 
same weight within the accuracy of the analytical 
balance used, i.e. within 0.0002 g or, for the 10-g 
ingots involved, within 0.002 pct. When alloying 


Uitimate Strength (x 10? psi) of the Same Alloys 


Vin of Binary (@) and Ternary (O) 
Nitrogen, Oxygen and Carbon Alloys 


- Fig. 9—Correlation of Vickers hardness with ulti- 

mate tensile strength of annealed, high-purity, 

binary and ternary, titanium-base alloys contain- 
ing nitrogen, oxygen and carbon. 


with titanium relatively nonvolatile metals, not 
only tungsten and molybdenum but also such ele- 
ments as iron, aluminum, chromium, and copper, 
absence of a detectable weight change was also 
achieved. Chemical analyses of such ingots by 
standard wet procedures have checked the “weight 


- analysis” within 0.02 pct. 


The nonmetallic elements nitrogen, oxygen, and 
carbon offer the possibility of employing diffusion 
alloying as an alternative to fusion alloying. This 
procedure, however, is attended by its own prob- 
lems, including those of holding thin, very highly 


Elongation (per cent in 1/2 in.) 


Vickers Hardness Number (5 kg.) 
Nitrogen, Oxygen and Carbon (weight per cent) 


Fig. 10—Correlation of Vickers hardness with 

elongation of annealed, high-purity, binary and 

ternary, titanium-base alloys containing nitrogen, 
oxygen and carbon. 


Bend Ductility (included angle of sharp bend) 


Weight Per Cent 


Fig. 11—Bend ductility of annealed, high- 


purity, binary titanium-base carbon and 


iron alloys. 


reactive titanium sections for one or more hours 
above 1000°C without contamination, uncertainty 
whether homogeneity has been attained, poor con- 
trol of grain size relative to the cold working and 
annealing practiced with fusion-alloyed specimens, 
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and the relatively slow diffusion rates of nitrogen 
and carbon in titanium. 

In fusion alloying titanium oxide, nitride and 
carbide, a slight weight loss was incurred. This 
averaged 0.001 g in a 10-g charge for the dioxide 
and carbide, and approximately double this for the 
nitride. All this weight loss was ascribed to the 
loss of powdered compound and none to titanium 
metal. Thus the “weight analyses” of the ingots 
were arrived at. These were ehecked in a number 
of representative cases by chemical analysis. The 
latter agreed with the weight analyses within 0.03 
pet for carbon, and within 0.02 pct for nitrogen. 


200 
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-100 & 


Bend Ductility (included angle of sharp bend) 
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100 


Weight Per Cent 


Fig. 12—Bend ductility of annealed, high- 

purity, binary titanium-base nitrogen, oxygen, 

carbon and iron alloys. Curves for last two 
from fig. 11. 


One of the binary oxygen alloys was analyzed by 
Derge.” A difference of 0.03 pct was obtained be- 
tween our weight analysis and his vacuum fusion 
analysis. This difference can, on the basis of other 
results obtained by Derge, be attributed to approxi- 
mately 0.015 pct oxygen in the as-deposited iodide 
titanium filament and to a pickup of approximately 
0.015 pct oxygen during arc fusion. These correc- 
tions were not made in the data reported in this 
paper. 
Results 

Hardness and microtensile data on dilute binary 
alloys of three interstitial solutes, nitrogen, oxygen, 
and carbon, and of a single comparison substitu- 
tional solute, iron, are given in fig. 1-4. Relation- 
ships between Vickers hardness and composition for 
these four elements are shown in fig. 6 and 7. Bend 
ductility for these four elements is presented in fig. 
11 and 12. Several typical micrographs are shown in 
fig. 18-22. 

Vickers Hardness—Tensile Properties Correla- 
tion: Fig. 8, 9, and 10 were drawn from data de- 
rived from fig. 1-3 and show an excellent correla- 


tion between Vickers hardness number and the 
three conventional tensile properties: (1) 0.2 pct 
Offset Yield Strength; (2) Ultimate Tensile 
Strength; and (3) Percent Elongation in 4% in. The 
points on these graphs were so close together for . 
the binary alloys involving nitrogen, oxygen, and 
carbon that it was decided not to attempt to dis- 
tinguish between them. Subsequently, similar data 
for ternary alloys involving these elements were 
plotted as open circles on these graphs and were 
found to fall within the band implied by the curve. 

Fig. 11 and 12 show the relationships between 
bend ductility and the compositions of binary alloys 
based on nitrogen, oxygen and carbon. Fig. 13, de- 
rived from fig. 1-3 and fig. 11-12 shows the correla- 
tion between hardness and bend ductility of these 
alloys. Most of these derived data fall within a 
band 60° wide, representing the rough screening 
difference for bend ductilities at the 95 pct proba- 
bility level. 

Penetration hardness is well recognized as, at 
best, a complex criterion of the mechanical prop- 
erties of a material, and any correlation with them 
must be carefully defined and probably should 
never be extrapolated. In the present case, the cor- 
relation has been established for fine-grained, 
equiaxed, annealed alpha titanium alloys involving 
nitrogen, oxygen, and carbon with hardnesses not 
appreciably exceeding 200 Vickers. Despite these 
delimitations, the correlation, while by no means 


° Carbon 
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Bend Ductility of the Same Alloys 


VIN of Binary Nitroen, Oxy;en and Carbon Allovs 
Fig. 13—Correlation of Vickers hardness with bend 
ductility of annealed, high-purity, binary, titan- 
ium-base alloys containing nitrogen, oxygen and 
carbon. 


as extensive as the remarkable inter-relationships 
established for the tempered martensite structure 
by Janitzky and Baeyertz,” nevertheless is be- 
lieved to be unusual. 

Binary Effects: As a concomitant to the good 
correlation between Vickers hardness and micro- 
tensile properties, the outstanding effects of nitro- 
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gen and oxygen and the lesser effect of carbon are 
consistently exhibited by Vickers hardness, by 
yield strength, by ultimate strength, and by percent 
elongation. 


Fig. 14, 15, and 16 compare the nitrogen and 
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Fig. 14—Comparison with Jaffee and Campbell of the 
properties of annealed, high-purity titanium-nitrogen 
alloys. ‘ 


oxygen data given by the present paper with those 
of Jaffee and Campbell.“ These workers used iodide 
titanium as a base material and diffused oxygen 
and nitrogen into the solid titanium. They em- 
ployed a 1 in. ga. length, which accounts for part, 
at least, of their consistently lower elongation 


90 


t in 1 in 
33 pat) 


Strength (x 1 


Fig. 15— Comparison with 
Jaffee and Campbell“ of 


ir cen 


Present Paper - per cent in 1/2 in.) 


the properties of annealed, oa 
high-purity titanium-oxygen <5 ie 

alloys. $3 

i: 

i=] 


30 


Elongation 


TR bed | 
Bae aes 
VA 


values. From fig. 14 and 16 it is seen that the data 
agree quite well for binary nitrogen. As can be 
seen in fig. 15, the binary oxygen alloys also exhibit 
good agreement up to 0.1 wt pct oxygen, beyond | 
which point their data show higher hardnesses and 
lower ultimate tensile strengths than the authors’. 
The reason for this discrepancy is not known. One 
possible explanation which suggests itself, how- 
ever, is that diffusion was not complete in their 
higher oxygen alloys so that their specimens had 
a harder case and a softer core than if they had 
been completely homogenized. In general, however, 
the close confirmation of the values obtained by 
the two different procedures is gratifying. 

In connection with ‘the scatter of the data in fig. 
1-4, it is perhaps worth emphasizing the coupling 
of the uncertainty in the analyses (estimated to be 
about 0.03 pct) and the extraordinarily potent 
effects of nitrogen and oxygen on the mechanical 
properties of titanium. Less than 0.1 pct of these 
elements more than doubles the strength and halves 
the ductility of high-purity titanium. This is done, 
not by a multiplying factor such as is involved in 
the hardenability effect of boron in certain steels 
or in the grain boundary effect of bismuth in cop- 
per, but by simple solid solution. In any careful 
work with titanium and titanium-base alloys, there- 
fore, the investigator must be ceaselessly vigilant 
against the accidental intrusion of these elements 
into his test material. 

Parameter-strength Correlation: An interesting 
correlation between the lattice-expanding tenden- 
cies of nitrogen, oxygen and carbon and their effects 
on the mechanical properties of alpha titanium is 
shown in fig. 5. A similar effect has been shown’ by 
Frye, Caum, and Treco for certain substitutional 
solutes in copper and silver. Data for fig. 5 were 
derived from fig. 6 of this paper and from the rela- 
tionships between the lattice parameters and com- 
position determined by Clark for carbon” and for 
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nitrogen and oxygen.” It is seen that the curves 
for oxygen and nitrogen almost coincide. It is some- 
thing of an oversimplification to consider only the 
size factors of two solute atoms relative to their 
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Fig. 16—Comparison with Jaffee and 

Campbell of Vickers-ultimate 

strength correlation for annealed, 

high-purity, titanium-base nitrogen 
and oxygen alloys. 


Fig. 17 — Relationships between in- 
crease in ultimate tensile strength 


Inerease in Ultimate Tensile Strength (psi) 


and composition of titanium-base aa 
binary, high-purity nitrogen, oxy- 
gen, carbon, and iron alloys. 
1,000 
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effects on the mechanical properties of a matrix 
lattice but perhaps oxygen and nitrogen are suf- 
ficiently alike in their interactions with the bond- 
ing electrons in the terminal alpha titanium solid 
solution to give rise to the correlation with the size 
effect shown by the parameter changes. 

As shown in fig. 5, carbon exhibits, relative to 
nitrogen and oxygen, a quite different relationship — 


between mechanical properties, as epitomized by 
hardness, and the lattice parameters. With the low- 
est solubility, carbon has the lowest hardening 
effect despite having the greatest expanding effect 
on the lattice. This is contrary to the generalization . 
which has been established for substitutional 
solutes in copper’ and iron’ ‘, namely that the lower 
the parameter change effected by a solute the lower 
its hardening effect and the greater its solubility. 
Nitrogen, oxygen and carbon are, of course, inter- 
stitial solutes and this difference may be the basis 
on which the failure of the substitutional solute 
generalization to extend to the binary alloys under 
discussion may be explained. An opposite general- 
ization for interstitial solutes, namely the greater 
the solubility the lesser the hardening effect, pos- 
sibly cannot be made since nitrogen has a greater 
hardening effect on titanium than oxygen, yet is 
reported” by Ehrlich to have a greater solubility. 
A careful determination of the solubilities of nit- 
rogen and oxygen would be of value in this regard. 
Another interstitial solute, hydrogen, appears to 
support the generalization for interstitial solutes 
since hydrogen has been shown™ by Jaffee and 
Campbell to have a barely detectable hardening 
effect and is reported” by Ehrlich to have the high- 
est solubility of any interstitial element. 

it may appear surprising that carbon, with its 
greater expansion of the lattice than either oxygen 
or nitrogen, should effect less hardening. It will be 
noted from fig. 5, however, that carbon has a much 
more marked tendency than either nitrogen or 
oxygen to change the c,/a, ratio towards the theo- 
retical 1.63. Assuming the latter is associated with 
easier slip, one might envision that at least partial 
compensation for the lattice expansion is afforded 


Composition of Binary Alloys (Atomic per cent) 


by closer approach to the 
close-packed spheres. ~ 

Ternary Effects: Several ternary alloys were 
made to secure some preliminary indication 
whether the simultaneous presence of two alloying 
elements from the group containing nitrogen, oxy- 
gen, and carbon gave mechanical properties which, 
on the basis of binary effects, were additive, more 


C,/a ratio of hexagonally- 
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Fig. 18—As- 
deposited, 
high-purity, 
iodide 
titanium. 


Light field illumi- 
nation. “A” etch. 
150X. 


Fig. 20— 
Ternary 
Ti-0.05 
Nitrogen-0.07 
Oxygen, 
50 pet. 


Cold-rolled and 
annealed for one 
hour at 700°C. 
“B” etch. 600X. 


than additive or less than additive. Accordingly, 
the following additions were selected on the basis 
of their binary effects in giving a Vickers hardness 
in the neighborhood of 160: 


Nitrogen 0.05 wt pct 
Oxygen 0.07 wt pet 
Carbon 0.20 wt pct 


Ternary additions were made by individual fusion 
for each addition; i.e. to make a ternary titanium- 
nitrogen-oxygen alloy, a titanium-nitrogen alloy 


Fig. 22—Same as Fig. 21 except “py etch 


Fig. 19— 
Same as Fig. 
18, except 
dark field 
illumination. 


Fig. 21— 
Binary 

Ti-0.4C, 
50 pet. 


Cold-rolled and 
annealed for one 
hour at 700°C. 
“A” etch. 600X. 


was first melted and the TiO. was then melted into 
the binary titanium-nitrogen alloy. The following 
ingots were cast and tested: 


Compo- Yield Ultimate Pct Elon- 
Code No. sition pct VHN (psi) (psi) gation 

101-1 0.05 N 211 58,800 80,000 28 
0.03 O 

101-2 0.05 N 198 55,600 77,500 30 
0.03 O 

102-1 0.03 N 194 52,000 71,900 32 
0.25 C 

102-2 0.05 N 156 40,500 60,600 40 
0.20 C 

103-1 0.07 O 204 58,800 77,100 34 
0.20 C 

103-2 0.070 196 54,000 75,100 36 
0.20 C 


Fig. 8 through 10 show the relationship between 
Vickers hardness and microtensile properties by 
plotting the values in the foregoing tabulation as 
open circles. It is seen that these ternary values 
conform to the binary correlation. 

Following the procedure of Lacy and Gensamer, 
the log-log plot of ultimate strength increase versus 
composition in atomic percent shown in fig. 17 was 
drawn. The parallel, straight-line relationships 
established by Lacy and Gensamer for alloyed fer- 
rites can perhaps be considered to hold for the four 
dilute titanium solid solutions considered in the 
present paper, although the scatter of experimental 
points is rather large. Moreover, the higher com- 
position ranges of both the iron and the carbon 
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alloys are two-phase. However, it was felt worth- 
while as a first approximation to consider that the 
parallel, straight-line relationship existed and to 
employ the fig. 17 plot to express the concentration 
of all the elements in terms of equivalent concen- 
tration of one element, e.g. in terms of nitrogen. 
This is done in the following tabulation: 


Equivalent 
Atomic Pct to Nitrogen 

Increase Ultimate Concentration 
Element 15,000 psi (Atomic Pct) 
Nitrogen 0.115 1.00 
Oxygen 0.140 0.82 
Iron 0.57 0.20 
Carbon 0.81 0.14 


Employing the foregoing equivalent nitrogen con- 
centrations, it is possible to compare the ultimate 
tensile strength of a particular ternary composi- 
tion calculated on the basis of the addition of the 
binary effects with the experimentally observed 
ultimate tensile strength. This is done in table I. 


Table I. Comparison of Ultimate Tensile Strength 
with Experimentally Observed Ultimate Tensile 
Strength 

Equiv. N. Total Calc. Ult. | Obs. Ult. 
Concentration| Concen. | Equiv. N/| Strength | Strength Differ- 
Atomic Pct (At. Pct) | (At. Pct) (psi) (psi) ence 
0.17 N; 0.10 O| 0.17; 0.08} 0.25 72,000 80,000 8,000 
0.17.N; 0.10 0] 0.17; 0.08] 0.25 72,000 77,500 5,500 
0.11 N; 1.00 C] 0.11; 0.14] 0.25 72,000 71,900 —100 
0.17N; 0.80 C] 0.17; 0.11] 0.28 74,000 60,600 | —13,400 
0.20 O; 0.80 C] 0.16; 0.11] 0.27 73,000 77,100 4,100 
0.20 O; 0.80 C| 0.16; 0.11 Ohi 73,000 75,100 2,100 


The data in table I are relatively self-consistent with 
the exception of the two Ti-N-C alloys, the sec- 
ond of which has a considerably lower strength 
than would be expected from its analysis. The cause 
of this discrepancy is not known. From table I it 
would appear that, in dilute ternary alloys, the 
binary effects of nitrogen and carbon are somewhat 
less than additive, but that those of nitrogen and 
oxygen and of carbon and oxygen are somewhat 
more than additive. The paucity of the data, how- 
ever, make these at most only preliminary indica- 
tions. 


Summary and Conclusions 


The effects of three interstitial solutes—nitrogen, 
oxygen, and carbon—on the mechanical properties 
of high-purity alpha titanium were determined on 
fusion-alloyed, annealed specimens in comparison 
with a substitutional solute, iron. A good correla- 
tion between bend ductility as well as the several 
microtensile properties and Vickers hardness was 
established for both the binary and ternary alloys 
of the interstitial solutes. Moreover, it was shown 
that, in contrast to the general principle estab- 
lished among substitutional solutes that the element 
with the lowest solubility has the greatest strength- 
ening effect per unit concentration, the interstitial 
element with the lowest solubility of the three 
studied (carbon) has the lowest strengthening 
effect. In this regard attention was called to the 
fact that of the three, carbon had the most marked 
tendency to alter the axial ratio of its alloys to- 


wards the theoretical 1.63 for the hexagonal-close- 
packed structure. Finally, a good correlation was 
shown between the amount of hardening and the 
amount of lattice parameter change effected by 
binary additions of nitrogen and oxygen. 
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Effect of Annealing in a Magnetic Field Upon 


lron-Cobalt and lron-Cobalt-Nickel Alloys 


Prepared by Powder Metallurgy 


by Joseph F. Libsch, 
Eberhard Both, 
George W. Beckman, Donald Warren and 
Robert J. Franklin® 


Iron-cobalt and iron-cobalt-nickel alloys prepared by powder metallurgy have 
been heat treated in a magnetic field. The 50 pct iron-cobalt alloy exhibits optimum 
magnetic properties and an essentially rectangular hysteresis loop when subjected 
to the best magnetic annealing cycle developed. Small amounts of nickel appear to 

be detrimental in the alloys studied. 


INARY and ternary alloys of iron, nickel and 

cobalt respond to annealing in a magnetic field 

by a characteristic change in the shape of their 

hysteresis loop. * An increase in retentivity and a 

decrease in coercive force produced by the magnetic 

treatment cause the hysteresis loop to approach the 
appearance of a rectangle. 

Materials with a rectangular hysteresis loop have 
made possible the contact-rectifier® and have greatly 
improved the performance of pulse transformers* 
and magnetic amplifiers.’ In the best material pres- 
ently available for these applications, a 50 pct 
nickel-iron alloy,’ the desired characteristics are 
achieved by aligning the preferred crystallographic 
directions of magnetization along the rolling direc- 
tion of the tape. 

The objective of the present study has been to 
produce rectangular hysteresis characteristics in 
materials with inherently high saturation. Iron- 
cobalt alloys, exhibiting saturation values up to 
24,000 gausses’ appeared to offer promise for the 
magnetic annealing technique, because they remain 
magnetic to very high temperatures,* exhibit favor- 
able magnetostriction properties,’ and show zero 
crystal energy at 42 pct cobalt.” 

Among the ternary iron-cobalt-nickel alloys," ’ 
response to heat treatment in a magnetic field is 
unfortunately limited to alloys having rather low 
saturation values.* It appeared interesting never- 
theless, to study a series of compositions connect- 
ing the optimum composition (50/50) of the binary 


1 


iron-cobalt system with the ‘“Perminvar” composi- 
tion (30 pct Fe, 25 pet Co, and 45 pct Ni). 

Very recently, R. Smoluchowski and R. W. 
Turner,” have shown that under certain circum- 
stances magnetic annealing can produce oriented 
recrystallization. A combination of this technique 
with the domain orientation utilized in the present 
study might well result in further improvements. 

The advantages of the powder metallurgy tech- 
nique in preparing magnetic alloys for study have 
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Table I. Chemical Analysis of Powders Used in Preparation of Cores 


Powder 
Co) P Ss Cu Ni Mn Cr Si Fe 
Element Type 
BE Electrolytic 

Lot 1 ae _ 0.01 0.005 | 0.005 0.01 0.015 | 0.001 | 0.003 | 0.001 | balance 
eh: Rath a 0.42 0.28 0.01 0.43 1.20 
Lot 3 0.42 real 0.018 | 0.35 0.75 
Lot 5 0.53 0.09 0.06 0.07 
Lot 8 50 0.09 

Nickel Carbonyl 0.040 0.001 | 0.004 |99.92 0.025 


Table II. Screen Analysis of Powders Used in 
Preparation of Cores 


Powder 100/150 Mesh | 150/200 Mesh | 200/325 Mesh | —325 Mesh 
- Pct Pet 

Iron 

Lot 1 Trace 22.4 pet 29:5 48.4 

Lot 2 Trace 8.7 pct 22.8 68.4 
Cobalt 

Lot 1 

Lot 3 Trace Trace 0.9 99.0 

Lot 5 Trace Trace uaa 98.8* 

Lot 8 Trace Trace Bf 99 * 
Nickel 100 pct less than 6 microns 


* Results of turbidimeter tests on Lots 5 and 8 cobalt powder 
showed a rather even distribution of 80 to 90 pct of each powder 
in the size range 9 to 37 microns. 


been discussed by Rostoker” and are utilized in this 


study. 
Experimental Details 


The experimental program required fabrication 
of test samples, performance of the magnetic an- 
neal, and measurement of the consequent magnetic 
properties. Test samples were prepared from the 
elemental powders of iron, cobalt and nickel in the 
form of toroidal cores approximately 1% in. odx 
1 7/16 in. id x % in. thick. 

Material: High purity electrolytic iron powder 
from two lots having the chemical and screen 
analysis shown in tables I and II was selected for 
use. 

Several lots of cobalt powder were used directly 
as supplied by the manufacturer. The cobalt powder 
was generally very fine and contained appreciable 
amounts of impurities as indicated in tables I and II. 
Toward the end of the study a limited amount of 
cobalt powder of special purity became available. 
This powder was very fine and was reported to 
contain 99.13 pct cobalt and 0.5 pet oxygen. Except 
where noted, the commercial cobalt powder was 
used in preparation of test cores. 


Preparation of Specimens: Toroidal core speci- 
mens were prepared from the mixed elemental 
powders by the following sequence of operations: 
1. Press mixed powders in die using pressure of 26 

tons per in.” Die lubricant to be 3 pct stearic 

acid in carbon tetrachloride. 
2. Pre-sinter green compact at 800-816°C for 10-25 
min. 


3. Machine to fit die, if necessary. 

4. Repress compact at a pressure of 22 tons per in 
or 66 tons per in. 

5. Sinter compact at 1400-1430°C for a total time 
of 24 hr in atmosphere of purified dry elec- 


Table III. Composition and Sintered Density of Alloys 


Composition | Density 
Pet Ni Pct Fe Pct Co | g per cc 
Series A 
50 50 . 88 
10 45 45 8.09 
20 40 40 8.15 
30 35 35 8.23 
40 30 30 8.28 
50 25 25 1 
Series B 
55 45 7.85 
10 50 40 8.01 
20 45 35 8.06 
30 40 30 8.17 
40 35 25 8.17 
50 30 20 8.18 
Perminvar 
45 30 25 8.23 


trolytic hydrogen. Heating rate from 800° to 
1400°C to be approximately 3°C per min. 
The variations in the pre-sinter and repress opera- 
tions correspond to changes made to facilitate pro- 
duction of the cores as the work progressed. These 
changes did not influence the final results obtained. 
The apparatus used in fabricating the cores has 


. been described by Rostoker.”* 


Magnetic Anneal: After fabrication and prelim- 
inary tests, toroidal cores were magnetically an- 
nealed in a stream of purified hydrogen. This was 
accomplished by heating the cores above their 
Curie points, and cooling in the presence of a mag- 
netic field. Direct electric current was passed 
through a copper or platinum winding designed to 
develop a circumferential magnetic field of the de- 
sired magnitude. Optimum response in the mag- 
netic anneal cycle generally involved an interrup- 
tion in cooling at 900°C for 1% hr and cooling to 
230°C or below in the presence of the magnetic 
field. 

The standard magnetic annealing treatment was 
therefore established as follows: 

1. Heat cores above Curie temperature (1020°C) 
for 15 min. 


2. Cool rapidly with magnetic field of 20 oersteds 
to 900°C. 

3. Hold 1 to 1% hr with magnetic field at 900°C. 
4. Cool rapidly (23°C per min.) to 230°C or below 
in presence of magnetic field. 
Except where noted, this standard magnetic an- 

nealing treatment was applied to all cores. 
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Density Measurements: Density determinations 
were made on all alloys using the weight in air- 
weight in water technique. Since the densities gen- 
erally approached the theoretical value, the cores 
were not coated prior to immersion in water. 

Magnetic Testing: The magnetic properties of the 
cores were determined by the standard ring method, 
employing a ballistic galvanometer and dec électric 
current. The ring dimensions were chosen in such 
a way as to make the radial thickness small with 
respect to the diameter. 

The following magnetic properties were meas- 
ured: (1) saturation at 100 oersteds, (2) retentivity 
or remanence after magnetization at 100 oersteds, 
and (3) coercive force. Because of extreme diffi- 
culty encountered in demagnetizing magnetic alloys 
cooled with a magnetic field, no attempt was made 
to measure permeability.* 

Variation in Magnetic Anneal Procedure for Iron- 
Cobalt-Nickel Cores: The standard magnetic an- 
neal procedure already described was used for all 
iron-cobalt cores. Iron-cobalt-nickel cores were 
annealed at the Signal Corps Engineering Labora- 
tories, using a somewhat different procedure. This 
procedure consisted of heating in an atmosphere of 
purified electrolytic hydrogen to above the Curie 
temperature or the alpha-gamma transformation 
temperature of the individual cores in a magnetic 
field of 20 to 40 oersteds, increasing the field to 
70-80 oersteds upon reaching maximum tempera- 
ture; holding for 5 to 45 min and then cooling at 
1.5 to 3°C per min to 500°C followed by continued 
cooling at approximately 20°C per min to below 


B - Kilogousses 


| o-°-~ After Mag. Ann. 


e—e— Before Mag. Ann. 


Elmen (14) 


Coercive Force - Oersteds 


Composition - Percent Cobalt 


Fig. 1—Effect of Magnetic Anneal-on the Magnetic 
Properties of Iron-Cobalt Alloys. 


H=100 Force 
Pes 


20600 | 11200 | 


H - Oersteds 


Fig. 2—Hysteresis Loops and Magnetic Properties of 50 pet 
Iron-50 pet Cobalt Alloy, Before and After Magnetic 
Annealing. 
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100°C with the magnetic field. For the cores of the 
binary alloys, and the alloys containing 10 pct of 
‘nickel, the faster cooling rate was applied at 800°C 
rather than at 500°C. 


Experimental Results and Discussion 


Response of Iron-Cobalt Alloys to Magnetic An- 
nealing: Since the alloys of iron and cobalt contain- 
ing approximately 30 to 55 pct cobalt possess the 
highest saturation values known for magnetic ma- 
terials, binary alloys of iron and cobalt were pre- 
pared in this range of composition to determine 
the optimum magnetic properties and response to 
magnetic annealing. 

The effect of composition on the magnetic prop- 
erties of iron-cobalt alloys before and after mag- 
netic annealing is shown in fig. 1. The properties 
plotted show the variation in the saturation induc- 
tion measured at 100 oersteds, the retentivity, and 
the coercive force caused by the magnetic anneal. 
Magnetic saturation values given by G. W. Elmen™* 


* These values are credited to Elmen by Bozorth in ref. 14; they 
are somewhat at variance with those reported by Elmen in ref. 7. 
for a field strength of 1500 oersteds are plotted for 
comparison. : 

The marked influence of magnetic annealing upon 
the magnetic properties of iron-cobalt alloys is 
clearly demonstrated by fig. 1. In general, magnetic 
annealing causes a large increase in retentivity, an 
insignificant increase in saturation (H — 100), and 
a decrease in the coercive force for the alloys 
studied. The optimum response to magnetic an- 


Fig. 3—Fundamental Literature Data 
for Binary Alloys of Iron and Cobalt. 


nealing occurs at a cobalt concentration of approxi- 
mately 50 pct. 

The spread in experimental data for the alloys 
having a composition close to 50 pct iron-50 pct 
cobalt. appears significant. Since almost no varia- 
tion in magnetic properties occurred for alloys with 
lower cobalt concentrations, the spread noted for 
alloys containing approximately 50 pct cobalt ap- 
pears due to the sensitive behavior of the latter 
alloys, rather than to any variation in processing 
variables. This sensitive behavior is most probably 
associated with the formation of the superlattice in 
this range of composition. 

The 50 pct iron-50 pct cobalt alloy, after anneal- 
ing, also shows the best magnetic properties charac- 
teristic of materials which develop a rectangular 
hysteresis loop, i.e., a high ratio of retentivity to 
saturation and a low coercive force. Fig. 2 shows 
typical hysteresis loops before and after magnetic 
annealing cores of a 50 pct iron-50 pet cobalt alloy 
prepared from commercial cobalt powder. 

It is significant to note that the 58 pct iron-42 pct 
cobalt alloy shows the smallest increase in reten- 
tivity as the result of magnetic annealing. This re- 
sult is surprising, since the 42 pct cobalt alloy was 
initially selected as the most promising for study 
after an analysis of the important parameters for 
optimum response to magnetic annealing. Lion 3, 
for example, shows that the 42 pct cobalt alloy is 
magnetic to a very high temperature (980°C*); has 
a high linear magnetostriction value (67.0 x 10°*3° 
at room temperature and zero crystal anisotropy.” 
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Similar conditions in the iron-nickel system are 
associated with an excellent response to magnetic 
annealing. 

Poor response to magnetic annealing in the 42 pct 
cobalt alloy, and optimum response in the 50 pct 
cobalt alloy are difficult to explain. A comparison 
of the magnetic constants for these two alloys shown 
in fig. 3, however, is interesting. The crystal energy 
of the 50 pct cobalt alloy is considerably greater 
than that of the 42 pct cobalt alloy. However, the 
abrupt increase in the volume magnetostriction at 
the 50/50 composition and the known presence of 
a superlattice formation in this range appear to be 
more than a coincidence, and seem to exert a con- 
trolling influence on the behavior of the iron-cobalt 
alloys in the magnetic anneal. 


Effect of Nickel on the Magnetic Properties of 
Iron-Cobalt Alloys: Certain binary alloys of iron 
and nickel provide interesting magnetic character- 
istics and have achieved commercial prominence. 
A large number of these alloys respond to heat 
treatment in a magnetic field* and exhibit rectangu- 
lar hysteresis loops and a low coercive force after 
magnetic annealing. 

Since the binary alloys of iron and cobalt studied 
showed a comparatively high coercive force after 
‘Magnetic annealing, it appeared desirable to de- 
termine the influence of nickel on the magnetic 
properties of iron-cobalt alloys. 

Two series of iron-cobalt-nickel alloys were 
therefore fabricated, magnetically annealed, and 
tested (1) containing 0 to 50 pct of nickel and equal 
amounts of iron and cobalt and (2) containing 0 to 
50 pet of nickel and an iron content exceeding the 
cobalt content by 10 pct. Table III gives the com- 
position of the alloys prepared and their sintered 
density. In addition, cores corresponding to the 
commercial alloy Perminvar (30 pct iron, 25 pct 
cobalt, and 45 pct nickel) were prepared in an effort 
to confirm the response of this alloy to magnetic 
annealing. All iron-cobalt-nickel cores were fabri- 
cated in the standard manner except that they were 
repressed at 66 tons per in.’ and sintered at 1375°C, 
rather than at 1400°C. Magnetic annealing and 
testing were conducted at the Signal Corps Engi- 
neering Laboratories in accordance with the tech- 
nique already discussed. 

The saturation induction, the retentivity and the 
coercive force before and after magnetic annealing 
are shown in fig. 4 for the series of iron-cobalt- 
nickel alloys containing equal amounts of iron and 
cobalt. 

The data presented show a sharp decrease in 
saturation induction and in retentivity; and an ex- 
ceedingly sharp increase in the coercive force as 
the nickel content is increased from 0 to 10 pct. 
While the coercive force decreases rapidly to a low 
value with a further increase in nickel content, the 
saturation and retentivity of the alloys containing 
more than 10 pct of nickel are considerably less 


than the saturation and retentivity of the 50 pct - 


iron-50 pct cobalt alloy. 

The primary influence of heat treatment in the 
magnetic field appears to be an increase in the re- 
tentivity. It is interesting to note from fig. 4 that 
this increase is pronounced for the alloys contain- 
ing zero per cent nickel and 30 to 50 pct nickel, but 


is very small for the alloy containing 45 pct iron, 
45 pct cobalt and 10 pct nickel. The failure of iron- 
cobalt-nickel alloys containing 10 to 20 pct nickel 
to show appreciable response to magnetic annealing 
confirms the work of Bozorth and Dillinger.* It may 
be explained by the simultaneous presence of two 
phases for alloys of this composition when they are 
cooled to room temperature. The large coercive 
force also is the result of this fact. 

The saturation induction, the retentivity and the 
coercive force before and after magnetic annealing 
are shown in fig. 5 for the series of iron-cobalt- 
nickel alloys in which iron exceeds cobalt by 10 
pet. In general the effect of nickel in the iron-rich 
alloys is similar to its effect in the alloys containing 
equal amounts of cobalt and iron; although the 
minimum values of saturation induction and re- 
tentivity after magnetic annealing, and the maxi- 
mum value of the coercive force occur at a some- 
what higher nickel content, ie. 20 pct nickel. 
This is most probably due to the location of the 
boundaries of the heterogeneous two phase field in 
the iron-cobalt-niekel system extending from the 
78 pet cobalt point on the iron-cobalt side to the 
binary iron-nickel alloys with 20 to 30 pct nickel. 

It is interesting to note in fig. 5 that the coercive 
force is a maximum after the magnetic anneal for 
the 20 pct nickel alloy. This observation is con- 
trary to the decrease in coercive force resulting 
from the magnetic anneal experienced with all 
other iron-cobalt-nickel cores. The anomalous be- 
havior of the 20 pct nickel alloy is most probably 
associated with the effect of heat treatment upon 
the development of the heterogeneous alloy con- 
taining two phases. 

The magnetic properties before and after mag- 
netic annealing of a Perminvar core prepared by 
powder metallurgy are given in table IV. This table 
also shows the approximate results obtained by 
Bozorth and Dillinger’ by heat treating Perminvar 
in a magnetic field. The results are in fair agreement 
and confirm the response of this alloy to heat treat- 
ment in a magnetic field. The results also demon- 
strate that alloys prepared by powder metallurgy 
give results comparable to those prepared by con- 
ventional methods. 

For the iron-cobalt-nickel alloys studied, the re- 
sults presented demonstrate the undesirable influ- 
ence of nickel upon the magnetic properties after 
heat treatment in a magnetic field. Unfortunately, 
a reduction in the coercive force is obtained only 
with nickel contents which cause a considerable de- 
crease in the values of saturation and retentivity. 
Because of the sharp increase in coercive force with 
low nickel concentration, it appears that the 
presence of nickel as an impurity in the cobalt 
powder may be very detrimental. 


Influence of Variables in the Magnetic Anneal: 
The influence of a number of variables in the mag- 
netic annealing treatment was studied to determine 
an optimum cycle. 


Field Strength: Experiments to determine the in- 
fluence of field strength during cooling were con- 
ducted over a range of 1 to 20 oersteds, using a 50 
pet iron-50 pct cobalt alloy. The subsequent tests 
conducted on iron-cobalt-nickel alloys, using a field 
strength of 70-80 oersteds during cooling, did not 
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Fig. 4—-Influence of Nickel on the Magnetic Properties of 
Iron-Cobalt Alloys, Before and After Magnetic Annealing, 


pet Fe = pet Co. 


Table IV. Magnetic Properties of Perminvar Core 


After Magnetic Annealing 


Before 
Magnetic 
Properties Annealing 
Present Bozorth and 
Study Dillingert 
—— = 
Saturation 
(H = 100) 15,200 16,350 
gausses 
Retentivity 4,000 12,850 13,500* 
gausses 
Coercive 
Force 0.45 0.09 0.07* 
oersteds 


* Approximate values determined from graph presented by Bo- 


zorth and Dillinger. 


Table V. Influence of Cooling Rates 


Cooling Rate Magnetic Properties After Magnetic Anneal 


°C per min Saturation Retentivity Coercive 
(H = 100) Force 
gausses gausses oersteds 
3 20,750 16,400 1.09 
23 20,700 16,900 0.94 
48 20,900 17,000 0.88 


appear to alter the conclusions reached 
from the experimental work using lower 
field strengths. 

The influence of field strength on the re- 
tentivity and the coercive force after mag- 
netic annealing is shown in fig. 6. Also 
plotted in this figure is the influence of 
field strength during magnetic annealing 
upon the ratio of retentivity to saturation 
in per cent. This ratio is an indication of 
the magnetic orientation achieved by mag- 
netic annealing, and of the approach to a 
rectangular hysteresis loop. In these tests 
the cores were prepared from commercial 
cobalt powder, and were treated in ac- 
cordance with the standard magnetic an- 
neal cycle except that a slow cooling rate 
(3°C per min) was used to cool from the 
holding temperature of 900°C. Since sub- 
sequent experiments showed the beneficial 
effect of cooling more rapidly, particularly 
with respect to the coercive force, the 
properties shown in fig. 6 should not be 
considered optimum. 

The rapid increase in retentivity upon 
cooling in a magnetic field as weak as 1 
oersted is striking. It is also notable that 
the retentivity as well as the coercive force 
show little change as the field strength is 
increased from 10 to 20 oersteds. For this 
reason, all subsequent cores, except the 
iron-cobalt-nickel alloys, were.cooled in a 
magnetic field of 20 oersteds. 

It is interesting to note that Kelsall’ also 
obtained excellent response to magnetic 
annealing for iron-nickel and iron-cobalt- 
nickel alloys using a field strength of 
one oersted. Apparently, only low field 
strengths are required to develop sufficient 
magnetostrictive stresses for good response to mag- 
netic annealing in those alloys which do respond. 


Cooling Method: The formation of a superlattice 
known to form in 50 pct iron-50 pct cobalt alloys 
under favorable conditions of cooling from above 
the a-y transformation (see fig. 3), and the possible 
influence of the superlattice formation upon the 
magnetic properties, after magnetic annealing, 
made a study of the influence of cooling rate very 
desirable. ; 

Three approximate cooling rates were used, (1) 
3°C per min, (2) 23°C per min, and (3) 48°C per 
min, all cooling rates being determined over the 
temperature range 900 to 100°C. The influence of 


B-Kilogausses 


~ cooling rate may be seen by a comparison of mag- 


netic properties after the magnetic anneal shown in 
table V. The results shown are an average of four 
cores heat treated in accordance with the standard 
magnetic anneal procedure described, except that 
the cooling rate was varied. 

The principal effect of rapid cooling in the 
presence of a magnetic field is a decrease in the 
coercive force, without an appreciable change in 
the retentivity or saturation. This effect appears 
most pronounced when the cooling rate is increased 
from 3 to 23°C per min and seems less pronounced 
and consistent when it is increased to 48°C per min. 

The decrease in coercive force resulting from a 
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Table VI. Effect of Interrupting Cooling 


Magnetic Properties 


Cooling Rate 3° C per min |Cooling Rate 23° C per min | | 


Cate uration (H=100) 
(Hrs) Br per Bs, Pet! He, oersteds |Br per Bs, Pct|He, oersteds 
e 
© 
1 82.6 0.94 84 0.84 2 
o 
o 
0 79.9 1.06 80.9 0.97 = 
b 4 
‘ 
@o 


Table VII. Influence of Magnetic Field in Cooling 


Treatment Magnetic Properties 
Br per Bs, Pet He, oersteds 


Field Applied During Cooling 
1020° to 900° C only (als! 


Field Applied During Cooling 
1020° to 230° C 80.9 


Coercive Force 


more rapid cooling rate during magnetic annealing 
appears associated with the suppression of the 
superlattice which may form in the 50 pct iron- 
50 pct cobalt alloy. Actually, it appears doubtful 
whether cooling rates as high as 48°C per min 
would produce an appreciably disordered. struc- 
ture. Recently Goldman and Smoluchowski” have 
shown that a 50 pct iron-50 pct cobalt alloy may 
show slight ordering even after a quench in cold Ni. Q 
water. Unfortunately, any explanation for the be- 
havior exhibited, based upon metallurgical effects 
such as a. dispersed phase appear to require addi- 


tional experimental work. 


©—-0---0 
After Magnetic Anneal 


Coercive Force-Oersteds 


e—e--e 
: Before Magnetic Anne 


0 
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Fig. 5—Influence of Nickel on the Magnetic Properties 
of Iron-Cobalt Alloys, Before and After Magnetic An- 


The effect of interrupting cooling to maintain a nealing, -pct Fe = pct Co + 10 pet. 


constant temperature of 900°C for 1 hr in 
the presence of the magnetic field before 
further cooling with the field is illustrated 
by the data tabulated in table VI. The 
holding period at 900°C causes a consistent 
though small increase in the ratio of re- 
tentivity to saturation, and a decrease in 
the coercive force. This effect appears to 
be associated with a metallurgical change 
and may well be attributed to an increase 
in grain size caused by the time of holding 
at a temperature just below the e—y trans- 
formation. Since these effects are bene- 
ficial, a holding period was included in the 
standard magnetic anneal procedure de- 
scribed. 

The important influence of the magnetic 
field in cooling through the range of tem- 
perature 900° to 230°C is illustrated by 
the fact that 50 pct iron-50 pct cobalt 
cores cooled from 1020°C to 900°C with 
the magnetic field, and then to 230°C with- 
out the field gave decidedly inferior re- 


Fig. 6—Effect of Field Strength During Mag- 

netic Anneal on Magnetic Properties of a 50 

pet Iron-50 pct Cobalt Alloy. Commercial 

Cobalt Powder. Furnace Cool (3°C per min) 
from Holding Temperature. 
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Fig, 7—Influence of Holding Temperature During Mag- 
netic Anneal on Magnetic Properties, 50 pet Iron-50 pct 
Cobalt Alloy. 


sults. This is illustrated in table VII. The ratio of 
retentivity to saturation is considerably lower and 
the coercive force appreciably higher for the core 
cooled without the magnetic field from 900°C. 


The results presented in table VII agree with 
those of Bozorth and Dillinger,» who showed that 
maximum response in the magnetic anneal is 
associated with cooling in the presence of the 
magnetic field to a threshold temperature 
above which the alloy is plastic enough to be 
affected by the forces of magnetostriction. 

Holding Temperature: Since the experi- 
ments concerning cooling method showed con- 
sistent improvement for a 1 hr holding period 
-at 900°C with the magnetic field during cool- 
ing, additional experiments were conducted 
to determine the effect of other holding tem- 
peratures. The influence of a 1 hr holding 
period at various temperatures during the 
magnetic anneal upon the magnetic proper- 
ties developed is shown in fig. 7 for a 50 pct 
iron-50 pct cobalt alloy. All cores were heat 
treated with the magnetic field in the stand- 
ard manner, except that cooling was inter- 
rupted for a 1 hr period at the temperature 
shown. 

The holding temperature appears to play a 
significant réle in the ultimate properties to 
be derived from the magnetic anneal. The 
data indicate that the magnetostrictive forces 
are most effective at a temperature close to 


Coercive Force 
Oersteds 
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Fig. 8—Influence of Holding Time at 900°C 
During the Magnetic Anneal Upon the Magnetic 
Properties, 50 pct Iron-50 pct Cobalt Alloy. 
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the transformation temperature where the increased 
plasticity allows optimum orientation of the mag- 
netic domains. Since plasticity increases with tem- 
perature, the importance of a high Curie tempera- 
ture is evident. 


Holding Time: The influence of holding time at a 
temperature of 900°C while cooling with the mag- 
netic field is shown in fig. 8. The results shown 
were obtained by using the same cores for each 
holding time. Between experiments the cores were 
heated above the a-y transformation temperature, 
ie., to 1020°C for 15 min and cooled slowly without 
the field to eliminate the effect of the previous mag- 
netic anneal. 

The data of fig. 8 show that little improvement is 
realized by increasing the time of holding with the 
magnetic field at 900°C beyond % hr. This is the 
anticipated behavior in the light of the good plas- 
ticity of the metal at higher temperature. 

Although the results indicate that a holding period 
of 30 min was sufficient to develop optimum mag- 
netic properties in cores repeatedly heat treated, 
subsequent work indicated that new cores magnetic- . 
ally annealed for the first time did not.develop opti- 
mum response until the holding time was increased 
to 1% hr. For this reason, 14% hr was selected as the 
holding period at 900°C for the standard magnetic 
anneal procedure. 


Influence of ‘Variables in Core Preparation: The 
relative ease of preparing numerous new alloys of 
definite composition by the powder metallurgy tech- 
nique is clearly demonstrated in this study. The 
ability to prepare cores directly, without ‘resorting 
to fusion, hot working and cold working, or ma- 
chining allows rapid study of alloy systems. 

The magnetic properties produced in cores pre- 
pared, by the powder metallurgy technique are in 
good agreement with:those produced by fusion. This 
is illustrated in fig. 9. The somewhat lower values 


- Percent 


Bretentivity 
Bsaturation 


Holding Time At 900°C Hours 
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of saturation induction are probably the result of 
the lower density exhibited by the powder metal- 
lurgy alloys. In this respect, it may be noted that 
the maximum discrepancy in saturation occurs for 
those alloys which show the greatest difference in 
density between the fused alloy and the powder 
metallurgy alloy. 

Since all of the alloys studied were prepared by 
the powder metallurgy technique rather than by 
fusion, no information was available concerning 
the influence of processing variables unique to 
powder metallurgy upon the magnetic properties 
of the alloys studied. Experiments were therefore 
conducted to determine the influence of different 
lots of commercial iron and cobalt powders, mixing 
time, repressing pressure and rates of heating and 
cooling, during sintering, upon the ultimate mag- 
netic properties. 

Fabrication Variables: The influence of different 
lots of commercial powder, mixing times from hand 
mixing to machine mixing for 72 hr, repressing 
pressures from (0 to 66 tons per in.*), and rapid vs. 
slow heating and cooling rates during sintering, 
upon the ultimate magnetic properties produced, 
was found to be insignificant in the range of varia- 
bles studied. Small changes in magnetic properties 
caused by processing variables generally fell within 
the deviation expected for a single group of cores 
prepared in accordance with the standard pro- 
cedure finally developed. The small effect of the 
processing variables studied upon the ultimate mag- 
netic properties can be attributed to the long sinter- 
ing treatment at a temperature just below the 
solidus for the alloys. All iron-cobalt alloys were 
sintered at 1400-1420°C for a total time of 24 hr. 
Such a sintering treatment would tend to mask the 
effects of other processing variables. 

Raw Material: Although experiments showed 
little variation in the magnetic properties of cores 
produced from the different lots of commercial 
cobalt powder used in this investigation, the rather 
large amounts of impurities present in the com- 
mercial cobalt powder used (table I) suggested the 
possibility that purer cobalt powder might give 
better magnetic properties. The striking and detri- 
mental influence of small amounts of nickel upon 
the coercive force of iron-cobalt alloys, appeared to 
strengthen this possibility. 

Hysteresis loops and magnetic properties are 
shown in fig. 10 for a 50 pct iron-50 pct cobalt core 
prepared from the special cobalt powder reported 
to contain 99.13 pct nickel and 0.50 pct oxygen. The 
properties shown are the optimum achieved to date 
in this study. It will be noted by comparison with 
fig. 2 showing the typical magnetic properties for 
50 pct iron-50 pct cobalt cores prepared with com- 
mercial cobalt powder, that the retentivity after 
magnetic annealing is appreciably higher, and the 
coercive force considerably lower for the core made 
with the special cobalt powder. Although the study 
to determine the influence of small amounts of im- 
purity in iron-cobalt alloys upon the magnetic prop- 
erties is in the initial stages, it is believed the im- 
provement shown by cores made from the special 
powder is due to less impurities. 


Summary and Conclusions 


Rectangular hysteresis loops have been developed 
for binary alloys of iron and cobalt prepared by 
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Fig. 9—Comparison of Magnetic Properties for Alloys 
Prepared by Powder Metallurgy and by Fusion. 


powder metallurgy and annealed in a magnetic 
field. The pronounced influence of magnetic anneal- 
ing on the ultimate magnetic properties produced 
in a 50 pct iron-50 pct cobalt alloy are shown in 
fig. 2 and 10. 

Response to magnetic annealing and the ultimate 
magnetic properties are a function of the composi- 
tion. The optimum retentivity and minimum co- 
ercive force after magnetic annealing occur at a 
cobalt concentration of approximately 50 pct. 

The optimum magnetic properties of the 50 pct 
iron-50 pet cobalt alloy are: saturation (H = 100) 
equals 22,400 gausses, retentivity equals 19,000 
gausses and coercive force equals 0.68 oersteds; and 
were obtained with a specially prepared cobalt 
powder. The 50 pct iron-50 pet cobalt composition 
coincides with a high a-y transformation tempera- 
ture, a high linear magnetostriction, and maximum 
volume magnetostriction, but not with minimum 
crystal anisotropy. 

The addition of small amounts of nickel (0 to 10 
pet) to iron-cobalt alloys with approximately equal 
amounts of iron and cobalt, causes a striking in- 
crease in the coercive force, and a sharp decrease 
in the retentivity and saturation. Although greater 
amounts of nickel (10 to 50 pct) cause a rapid de- 
crease in the coercive force to a low value, the 
saturation (H — 100) and the retentivity of the 
jiron-cobalt-nickel alloys after magnetic annealing 
remain considerably below those obtained for the 
50 pet iron-50 pct cobalt alloy. 
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The high coercive force, and the failure of iron- 
cobalt-nickel alloys containing 10 to 20 pct nickel 
to respond to magnetic annealing are associated 
with the heterogeneous two phase field known to 
exist for iron-cobalt-nickel alloys in this range 
of composition; and the results confirm those of 
Bozorth and Dillinger.” Likewise, the magnetic 
properties obtained in this study after magnetic 
annealing the alloy Perminvar (30 pct iron-25 pct 
cobalt-45 pct nickel) are in close agreement with 
those presented by Bozorth and Dillinger.* 

Studies have been conducted to determine the 
influence of field strength, cooling method, holding 
temperature and holding time during cooling in a 
magnetic field upon response to magnetie anneal- 
ing. Results of these studies indicate that cooling 
from above the a-y transformation temperature in 
a magnetic field of 20 oersteds to 900°C, followed 
by a hold of 1% hr at 900°C with the magnetic 
field, and then cooling at a rate of 20 to 25°C per 
min to below 230°C with the magnetic field pro- 
vides an optimum response for the 50 pct iron-50 
pet cobalt alloy. 

Finally, the suitability and ease of powder metal- 
lurgy as a technique for preparation of numerous 
alloys for magnetic analysis has been demonstrated. 
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The Extrusion of 


Powdered Magnesium Alloys 


by R. S. Busk and T. E. Leontis 


The direct extrusion of magnesium-alloy powder is described, and used to pro- 
duce four new alloy types by controlled solid-state diffusion: (1) Use of steep alloy- 
gradients for control of grain size; (2) interference hardening; (3) control of stress- 

corrosion by cathodic protection; and (4) increase in extrudability. 


Vee was initiated several years ago at The 
Dow Chemical Company to determine the ap- 
plicability of powder metallurgy processes to mag- 
nesium and its alloys. Although it was found pos- 
sible to apply the normal techniques of compacting 
and sintering, it was discovered early that the tech- 
nique of extrusion offered special promise. This 
technique and the alloys produced were therefore 
studied extensively, and the present paper is a par- 
tial report of those studies. It is expected that a 
second paper will discuss more extensively some 
of the alloy systems simply mentioned here. 

Although the literature on powder metallurgy is 
very extensive, there are only two articles dealing 
with magnesium™ * and there is no reference to the 
direct extrusion of the powder of any metal without 
the preliminary step of compacting. Furthermore, 
no mention has been made of the possibility of de- 
signing alloys by the technique of powder extru- 
sion, particularly alloys that cannot be made in any 
other way. Sauerwald”™ discusses the extrusion of 
magnesium and aluminum powder to produce alloys 
containing nonequilibrium phases, but again he 
emphasizes the importance of pre-compacting be- 
fore extrusion. 

There seems to be general agreement that some 
form of hot-pressing is essential to obtain in a com- 
pact the full theoretical density of the metal used.*° 
The nearest approach to the technique of direct 
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Fig. 1—Press and die for extruding powders. 


powder extrusion is that of extrusion of pre-sintered 


~ compacts,” ” for which the best review through 1944 


is that by Kieffer and Hotop.* Ensign” discussed a 
specialized technique of “extruding” already com- 
pacted and sintered gears for the purpose of sizing. 
Sauerwald™ discussed the compacting and extru- 
sion of magnesium and magnesium-aluminum alloy 
band-saw chips. The properties of the extruded 
compacts were found to be comparable with those 
of extrusions prepared from solid billets. He also 
extruded a compacted mixture of magnesium and 
aluminum powder and found the properties to be 
somewhat different from those obtained on an ex- 
trusion made from a cast billet of the same com- 
position. The second reference dealing specifically 
with the powder metallurgy of magnesium is Stern’s 
patent,“ in which is described the extrusion of scrap 
chips and turnings following a hot-pressing and 
sintering step. Considerable emphasis in most of 
these articles is placed on the necessity of atmos- 
pheric protection to minimize the danger of oxida- 
tion. ; 
Experimental Procedure 

The first experiments were made with the small 
extrusion press shown in fig. 1. With this press, 
billets of about %% in. diam are used to produce wire 
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of about 0.050 to 0.10 in. diam. On the basis of ex- 
perience gained with this press, the major portion 
of the study made use of a 500-ton horizontal extru- 
sion-press with a 3 in. diam container. The cold 
powder was introduced into the heated container, 
the ram advanced, and the powder extruded. There 
was no atmospheric protection, and the heat of the 
container was used to raise the temperature of the 
powder sufficiently to allow extrusion. The tempera- 
ture rise occurred during the 15-30 sec needed to 
advance the ram prior to extrusion. Holding the 
powder at the container temperature for as long as 
2 hr produced no change in the properties of the 
extrusion. 

Two types of extrusion were made to study the 
extrudability and properties of alloys. Rod of % in. 
diam was extruded at a constant speed over a range 
of temperature to determine the pressure-tempera- 
ture relationships for the alloy and the effect of 
temperature on the mechanical properties. Strip of 
34 x 1/16 in. section size was extruded at a constant 
temperature over a range of speeds. These two ex- 
periments gave the hot-short limit (lowest extru-- 
sion speed at which cracking occurs) and the me- 
chanical properties as a function of speed. The 
compressive yield strength of strip is generally 
lower than that of rod and is, therefore, a more 
conservative measure of the properties representa- 
tive of any given composition. 

The mechanical properties determined were per- 


Fig. 2 (above)—Microstructure of A6 


alloy extruded from billet. 
Acetic-glycol etchant. 100X. 


Fig. 3 (left)—Microstructure of A6 


alloy extruded from machined chips. 
Acetic-glycol etchant. 100X. 


Fig. 4 (right)—Microstructure of as- 


atomized AZ31 alloy powder. 
Acetic picral etchant. 100X. All micrographs 
reduced one fifth in reproduction. 


cent elongation, tensile yield strength (0.2 pct off- 
set), compressive yield strength (0.2 pct offset), 
and tensile strength (maximum load divided by 
original area). ASTM procedures were followed in 
all these tests. 

Results : 


The first experiment designed to establish the 
feasibility of powder-extrusion was made using 
machined chips. In particular, an extrusion from a 
billet and one from machined chips were compared 
directly. A 2-in. diam permanent-mold cast billet 
of Mg + 6 pct Al alloy was fully homogenized by 
soaking at 800°F. A slug %& in. in diam by 2 in. long 
was machined from this billet and extruded into 
0.050 in. wire, using the press shown in fig. 1. The 
chips obtained by machining the slug were then 
poured into the container and extruded into 0.050 
in. wire, using identical extrusion conditions. The 
structures of these two extrusions are shown in fig. 


2 and 3, and the properties are: 
‘ 


Tensile 
Properties 
Electrical Conductivity (95°F) 1000 psi 
Type Billet Reciprocal Microhm-cm. — PcetE | TYS TS 
Solid 0.0735 17.0 22.5 39.7 
Powder 0.069 13.5 19.4 42.5 
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Table I. 3 in. x \% in. Rectangle Extruded from 4 in. 
Container at 700°F, 5 fpm 


(AZ31 Alloy) 


Longitudinal Transverse 


1000 psi 1000 psi 


Type Billet PetE TYS CYS TS /PctE TYS CYS TS 


SHT D.C. Billet 14 20 12 35 3 23 12 37 
As Cast D.C. Billet] 19 25 21 39 11 28 21 39 
Atomized Powder 21 30 28 43 10 31 25 42 


The two extrusions have similar microstructure, 
grain size, conductivity, and mechanical properties. 
The twinned structure seen in fig. 3 is there because 
the piece examined had been mechanically tested. 
It was on the basis of this experiment that it was 
decided that the extrusion of magnesium powder 
is feasible, and a study of the possibilities of this 
technique undertaken. 

Four types of alloy behavior have been found, 
each dependent upon the powder process. It is the 
primary purpose of this paper to describe and illus- 
trate these four types. 


Alloy Gradients: The compressive yield strength 
of magnesium alloys is inversely related to grain 
size. It also has been shown” that the grain size of 
magnesium-alloy extrusions is influenced by the 
alloy gradients present in the billet. That is, the 
greater the coring, and the finer the scale over 
which the coring is distributed in the billet struc- 
ture, the finer are the grains in the extrusion. 

The atomizing process for manufacturing mag- 
nesium-alloy powder was, therefore, investigated to 
obtain as finely distributed coring as possible. This 
process consists of breaking a thin stream of molten 
metal into droplets with a stream of: cold gas and 
quenching each droplet with the gas. The resultant 
powder consists of spherical particles having a cast 
structure with finely-distributed, highly-cored 
dendrites (fig. 4). This seems to represent the ulti- 
mate in the type of structure believed to result in 
fine grain extrusions, and this type of powder was, 
therefore, adopted for this study. AZ31* alloy was 


* See Appendix for explanation of ASTM nomenclature. 


atomized and extruded into 3 in. by % in. strip; 
with this strip both longitudinal and transverse 
properties could be studied. For comparison, a solu- 
tion-heat-treated and an as-cast direct-chill billet 
were extruded to the same shape. The properties 
are shown in table I. The compressive yield strength 
rises markedly as the degree and distribution of cor- 
ing increases. Furthermore, these data also show no 
adverse effect from the fibrous structure produced 
by extruding powder inasmuch as the properties 
are the same in both the longitudinal and transverse 
directions. 

The microstructure of the atomized powder is 
shown in fig. 4 as compared with that of the as-cast 
and solution-heat-treated billets in fig. 5 and 6. 
Since the light microscope emphasizes the coring 
without clearly revealing the grain size of the 
atomized powder, fig. 7 is included. This is an elec- 
tron microscope picture of as-atomized AZ31 alloy. 
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Fig. 5 (above)—Microstructure of direct chill 


AZ31 alloy billet. 
As-cast condition. Acetic picral etchant. 100X. 


Fig. 6 (below)—Microstructure of direct chill 
AZ31 alloy billet. 
Solution heat treated condition. Acetic picral etchant. 100X 


The fine grains are quite apparent. There is a sharp 
difference in the cast structure of the powder and 
that of the billet, and it is believed the differences 
in properties given are due to this difference in 
structure. 

If the finer grains and higher strengths of extru- 
sions from atomized powder as compared to those 
from billets are ascribable to the coring, a solution- 
heat-treatment of the powder would be expected 
to remove the coring and result in lower properties. 
Fig. 8-9 show the effect of heat-treatment on the 
microstructure of AZ31 atomized powder, and table 
II lists the effect of such heat-treatment on the 
properties. One hour at 500°F removes only some 
of the coring, whereas after 3 hr at 850°F, the 
structure is quite homogeneous. From table II, it 
is evident that the powder can be heated as long 
as 3 hr at 600°F without lowering the extrusion- 


TRANSACTIONS AIME, VOL. 188, FEB. 1950, JOURNAL OF METALS—299 


Table II. Effect of Heat Treatment of AZ31 Powder 
Prior to Extrusion 


3% in. Diam Rod 
(Ext. 5 fpm at 600°F) 


34x1/16 in. Strip 
(Ext. 5 fpm at 650°F) 


Heat Treatment 1000 psi 1000 psi 


Hours | Temp. °9F| PctE TYS CYS TS| PctE TYS CYS TS 


0 15 40 36 47 10 29 27 42 
2 500 14 40 38 48 13 28 27 42 
1 600 13 40 36 47 9 28 25 42 
3 600 a 41 39 48 Led 26 27 42 
3 850 10 32 25 42 12 26 ues 39 


properties, but that a heat-treatment of 3 hr at 
850°F results in a sharp decrease in compressive 
yield strength. The structure of the extrusions cor- 
responding to fig. 8 and 9 is shown in fig. 10 and 11. 

In view of the above experiments, it is of interest 
to compare directly the properties of alloys pre- 
pared by extruding atomized powder with extru- 
sions from cast billets. This was done for three 
commercial alloys (AZ31, Ml, ZK60) and one ex- 
perimental alloy (AMZ111), and the data are given 
in table III. With similar extrusion conditions, the 
properties of the powder-extrusion are at least 
equal to, and usually much better than those of 
the billet-extrusion. 


Fig. 7— Electron mi- 
crograph of as-atom- 
ized AZ31 alloy 


powder. 
Methyl iodide etchant. 
71200X. 


Interference Hardening: The use of powder allows 
the construction of alloys prohibited by the phase 
rule when the step of melting and casting must be 
used to obtain the total composition. Thus, co- 
extrusion of elements and subsequent diffusion re- 
sult in the at least temporary appearance of every 
phase in the binary diagram. Proper control and 
distribution of these phases might be expected to 
produce unusual properties. 

Normal precipitation- or age-hardening occurs 
when a supersaturated solid-solution is caused to 
precipitate its excess solute. This is normally ac- 
complished by thermal control on alloy systems 
with greater solubility for the solute at elevated 
than at lower temperatures. If a third element 
could be introduced into the solid-solution that 
would result in lowering the solubility of the orig- 
inal solute, more copious precipitation and perhaps 
greater hardening would take place. This would be 
analogous to the “salting-out” effect in aqueous 
solutions. It should be possible also to find systems 
such that the addition of the third constituent would 
result in the precipitation of a compound com- 
pletely insoluble in the solvent. This would be 
analogous to the precipitation of silver chloride by 
addition of sodium chloride to a water-solution of 
silver nitrate. Such a precipitate, since insoluble, 
would have only a small tendency to coalesce and 
would, therefore, retain any of its hardening effects 
even after extensive heat-treatment. This type of 
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Table Ill. Comparison of As Extruded Properties of Alloys 
Extruded from Powder and from Permanent Mold Billets 


Extrusion 
Conditions Powder Billet 
1000 psi 1000 psi 
Temp.| Speed 
Shape oF Fpm 
PetE TYS CYS TS |PctE TYS CYS TS 
AZ31 
Rod 600 5 15 39 40 47 16 34 30 44 
700 5 15 36 36 45 BS) 34 25 45 
. 800 5 15 35 30 45 14 34 22 44 
Strip 650 5 12 29 29 43 18 23 18 39 
650 15 12 25 18 39 16 25 15 38 
ore 650 30 11 25 15 37 a5: 25 15 38 
Rod 600 5 14 44 38 48 25 27 23 39 
700 5 11 43 35 47 23 30 24 40 
: 800 5 13 43 28 47 14 33 19 43 
Strip 650 5 6 34 33 43 23 16 16 33 
650 15 9 30 26 40 19 18 14 35 
650 30 8 28 19 40 18 18 14 35 
AMZI111 
Rod 600 5 12 40 41 48 19 37 31 45 
700 5 ES 40 37 46 13 33 20 42 
800 5 12 38 34 46 11 32 16 40 
Strip 650 5 5 37 36 45 10 29 19 40 
650 20 9 33 31 42 8 29 13 38 
650 40 8 32 24 39 9 28 13 38 
ZK60 
Rod 600 5 16 44 48 53 17 41 41 54 
700 5 17 41 43 51 14 40 34 51 
800 5 15 37 38 48 15 39 27 48 
Strip 650 5 10 43 43 52 10 40 40 52 
650 20 6 37 37 47 13 38 36 49 
650 40 iif 35 30 45 Hot Short 


reaction has been studied and the strengthening 
that sometimes occurs has been called ‘“interfer- 
ence hardening.” 

Magnesium-zirconium alloys have been rather 
fully studied,” and the patent literature in particu- 
lar is extensive.” “ All the work to date shows that 
certain elements must be avoided when adding 
zirconium to magnesium, or compounds insoluble 
in the melt will form which will settle out, result- 


ing in loss of zirconium. One of the most potent of 
these “interfering” elements is aluminum. From the 
previous discussion, it would be expected that addi- 
tion of aluminum to a magnesium-zirconium alloy 
by solid-state diffusion might result in precipita- 
tion of an insoluble compound. This precipitation 
might be expected to have a strengthening effect 
similar to that induced by age-hardening. 

The results of a study of the effect of the addi- 


Table IV. Effect of the Addition of Aluminum to Mg-Zr and Mg-Zr-Ce Alloys 


1/16x%4 in. Strip Extruded 
5 fpm at 650°F 
As Extruded HT 1 hr at 750°F 
1000 psi 1000 psi 
Pet 
Misch- 

< Alloy Type Pct Zr| metal |PctE TYS CYS e° PctE TYS CYS TS 
KO : 0.33 3 18 18 29 3 18 18 30 
KO + 12 pct Mg-Al eutectic 1 34 39 2 40 33 44 
0.48 0.17 1 45 B45) 47 3 38 33 41 
oa + 3 pct Al 2 44 41 47 3 44 41 47 
EKOO + 12 pct Mg-Al eutectic 1 41 42 46 2 41 38 43 
0.49 0.47 3 48 37 50 10 42 33 44 
Too +3 pct Al 3) 46 46 50 6 45 46 50 
EKOO + 12 pet Mg-Al eutectic 2 49 47 52 7 49 45 52 
42 4 22 25 36 

50EKOO/50M1 0.48 0.17 7 36 36. 
Peco Feu +3 pet an me 2, 34 39 43 3 34 38 43 
eee et od et 2 42 43 45 4: 38 39 46 
47 8 34 29 40 

50EKOO/50M1 0.48 0.47 4 45 36 
50EKOO/50M1 + 3 pct oT ra 44 40 46 5 39 38 45 
pea at 5 47 47 49 7 46 42 52 
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Table V. Effect of Heat Treatment on the Properties of a 


36 in. diam Rod Extruded at 5 fpm at 500°F 


Mg-Zr Alloy +Al 


Fig. 8 (above)—Effect of 1 hr at 500°F on the 


structure of atomized AZ31 alloy powder. 
Acetic picral etchant. 100X. 


Fig. 9 (below)—Effect of 3 hr at 850°F on the 


structure of atomized AZ31 alloy powder. 
Acetic picral etchant. 100X. Both micrographs slightly re- 
duced in reproduction. 


tion of aluminum to magnesium-zirconium alloys 
are given in tables IV and V. It was found that 
addition of mischmetal to the magnesium-zirconium 
alloy results in a general increase in the level of 
properties, and these data are also included in 
table IV. The aluminum was added by mixing the 
two powders (magnesium-zirconium alloy and 
aluminum) and extruding the mixture. The per- 
cent of addition refers to the percent of the alum- 
inum in the mixture of alloy-powder plus alum- 
inum. 

The aluminum can be added in a number of forms 
including elemental aluminum, and aluminum alloy 
(e.g. 63S), MgyAl», MnAl, aluminum-magnesium 
(Mg + 64.3 pct Al) eutectic, and magnesium- 
aluminum (Mg + 32.2 pct Al) eutectic. Compounds 
do not extrude, but remain as hard lumps in the 
extrusion; aluminum and aluminum alloys result 
in a poor surface due to sticking and tearing. The 
use of the magnesium-aluminum eutectic is as effec- 
tive as aluminum, but is less liable to sticking, and 
was, therefore, used more frequently. 

Table IV shows that there is a marked increase 
in strength due to the presence of aluminum. This 
effect also persists after heating for one hour at 
750°F. The effect of other heat-treatments is given 
in table V-where it is apparent that a maximum 
combination of properties was obtained after heat- 
ing for 16 hr at 600°F. Note that the 
properties are still high after as 
long as 300 hr at 750°F. This is re- 
markable for a magnesium-base alloy 
since 750°F is usually the solution- 
range and such long-time exposure 
usually results in marked grain 
coarsening and loss of strength. 


Alloy Type Pet Zr 
KO 0.43 
KO + 12 pet Mg-Al eutectic 0.43 


Heat Treatment 


Hours Temp. °F |PctE TYS CYS TS 


The structure of this type of alloy 
1000 psi is shown in fig. 12, 13, and 14. Fig. 
12 is a micrograph of KO + 3 pct Al 
taken at 1000X in the as-extruded 


As Extruded 
1 


@/50 

As Extruded 
16 350 
16 450 
16 500 
16 550 
16 600 
16 650 
16 700 
16 750 
1 600 

4 600 

8 600 
16 600 
96 600 
300 600 
a 750 
16 750 
96 750 
300 750° 


11 
12 


ATAAOT BOUNOUATN ANMPohWWNND 


condition. The dark stringers are 


aBbh 185 the magnesium-aluminum compound 
2300 (37 which has formed where the alumi- 
41 43 num powder was included. There is 
AGniiae a fine-grained layer immediately next 
oe 2 to each particle of compound. Upon 
45 51 heat-treatment, most of the com- 
44 51 pound goes into solution and the area 
os of extremely fine grains widens. 
re 5 There is some slight evidence of pre- 
a = cipitation at the grain boundaries. 
a7 1 353 Fig. 13 is an electron-micrograph of 
44-52 : 
is the mixture KO + 12 pct magne- 
ae He slum-aluminum eutectic in the as- 
2 a6 extruded condition and fig. 14, in the 


heat-treated condition (1 hr at 750°F). 
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Table VI. Properties of Mixtures of Ml and AZ31 Alloys 


Strip Extruded at 
5 fpm — 650°F 
1000 psi 
Pet AZ31 PetM1 | PctE TYS | CYS TS 
0 100 1 26 26 37 
20 80 2 29 30 40 
25 75 3 29 29 40 
40 60 3 30 31 41 
50 50 7 35 31 44 
60 40 5 33 29 43 
100 0 10 31 32 44 
! 


Table Vil. The Properties and Stress Corrosion 
Resistance of AZ61 and 50M1/50AZ61 


Stress Corrosion 


Days to Failure 
Stress 

1000 psi AZ61 50M1/50AZ61 
30 
29 16 
26 13 63 
24 373 
22 None for 400 
20 16 None for 400 
16 49 None for 400 
14 18 None for 400 
12 None for 400 None for 400 

Mechanical Properties 
Extrusion Conditions AZ61 50M1/50AZ61 


1000 psi 1000 psi 


Temp. oF Speed Fpm/PctE TYS CYS fTS/PctE TYS CYS TS 


Rod 600 5 13 36 33 48) 16 38 37 47 
700 5 11 35 26 47) 12 37 33 47 
800 5 17 330 22 46| 12 36 29 46 
Strip 650 5 12 27 25 45; 8 32 30 44 
650 10 13 25 21 43 9 32 29 44 
650 20 15 23 21 42 9 31 29 43 


Table VIII. Hot Short Limit of Co-Extrusions 


Hot Short Limit* — Fpm 
With 50 Pct 

Alloy No Mixture With 50 Pct M1 AMZ210 
A6 65 >80 
AZ61 35 >80 
AZ63 ‘ 15 2. S40 50 
AZ80 10 40 25 
AZ92 5 7.5 7.5 
ZK60 + 0.5 Ca 2 : 6 


* Lowest extrusion speed at which cracking occurs 


Fig. 10 (above)—Microstructure of % in. diam 
rod of AZ31 alloy extruded from as-atomized — 
powder. 
Acetic picral etchant. 100X. 


: Fig. 11 (center)—Microstructure of 3 in. diam rod : mere 34 in. di 

of AZ31 alloy extruded from powder heat treated Fig. 12. (below) OG ane re % in. diam rod 
: at 850°F for 3 hr. 2 Ruy GAAS J eto 
Acetic picral etchant. 100X. As-extruded condition. 10 pct HF etchant, 1000X. 
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to prevent stress-corrosion cracking. Ml 


Table IX. Illustration of Property Effects by Design 
alloy, however, can be welded without 


Strip stress-relief and without danger of 
Extruded at 650°F A 
cracking. 
reeaGai It has been proposed” that an essen- 
psi : ; 
tial part of the stress corrosion mechan- 
eee i i iffere in solution-potential 
Alloy Heat Treatment | Speed, Fpm|PctE TYS CYS TS ism is a difference ae 
between two parts of the microstruc- 
oe ia i to galvanic attack. The 
ZK60 + 0.5 Ca As Extruded 1 6 Sse) 1505-< 556 ture, leading g 
16 hr 350°F 1 Sites £000 sep stress acts to accentuate the effect and 
1 hr 750°F 1 13 35 34 45 i 
to widen cracks formed so as to expose 
: 5 12 44eeal 49 : ee! j 
pou {hr 350eF 5 Qua 41 49 fresh surfaces. If this basic idea is cor- 
pices 2 ii ougee ems 28a rect, making the susceptible alloy the 
[50(ZK60-++0.5 Ca) + As Extruded 5 4 47 47 51 r -corrosion. 
50M1]+12pctMg- | 16 hr 350°F 5 SAG nan AB. BR cathode should stop the stress-Ccorrosl 
AUSBMLECHs 1 hr 750°F 5 1gs* 44,42 63 This can be done either by directly im- 


posing a current by means of a battery, 


In fig. 13, a part of the eutectic can be seen lying 
next to an area of fine-grained matrix. The matrix 
itself is. relatively clean. Fig. 14 shows the matrix 
grains after the aluminum has diffused throughout 
the alloy. There has: been extensive precipitation. 
Electron-diffraction studies were made of this sur- 
face and the precipitating compound identified as 
probably AlZrs. 

Stress-Corrosion: As is common with most metals, 
certain magnesium alloys will stress corrode when 
subjected to sustained loads below the yield 
strength. AZ31 will sustain loads up to about 12,- 
000 psi when exposed to rural or seacoast atmos- 
phere. M1 alloy, however, will sustain loads up to 
about 21,000 psi. One consequence of sensitivity to 
stress-corrosion is cracking due to locked-up 


stresses such as those in non-stress-relieved welds. . 


Stress-relief of welds on AZ31 alloy is necessary 


or by galvanically connecting the metal to a more 
anodic material. 

M1 alloy is anodic to AZ31 alloy and is not sus- 
ceptible to stress-corrosion. It was considered pos- 
sible that extruding a mixture of Ml and AZ31 
alloy would result in a fibrous structure with the 
M1 fibers protecting by galvanic current the AZ31 
fibers. 

Fig. 15 shows the microstructure of an extrusion 
from a powder mixture of 50 pct AZ31 + 50 pct 
M1 alloys. The dark stringers are M1 alloy, the light 
stringers, AZ31. Several such mixtures were ex- 
truded into strip and tested for stress-corrosion, 
with the results as shown in fig. 16. The specimens 
were spring-loaded in simple tension and exposed 
in a rural atmosphere; for details of the test see 
Loose and Barbian.” 

The data clearly show that, when AZ31 is diluted 


Fig. 13 — Electron mi- 

crograph of 3% in. diam 

rod of KO + 12 pet 
Mg-Al eutectic. 


As-extruded condition. 
Methyl iodide etchant. 
13,500X. 
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with an equal quantity of Ml, the stress corrosion 
characteristics of the co-extrusion are similar to 
those of Ml alloy. The addition of 10 or 25 pct of 
M1 to AZ31 has little or no effect. 

The mechanical properties of various mixtures of 
M1-AZ31 alloys are given in table VI. The Ml alloy 
used in these series of tests contained no calcium. 
The lack of calcium accounts for the markedly 
lower strength properties and ductility than those 
given in table III where the M1 contains a nominal 
0.10 pet calcium. The properties of the co-extruded 
alloys are not a linear function of composition, but, 
instead, become equal to those for AZ31 when only 
40 pct AZ31 is present. It is believed that the non- 
linear character of the relation is due to some inter- 
ference-hardening occurring between the aluminum 
of AZ31 and the manganese of Ml. This is possible 
since only a few tenths of one percent of manganese 
is soluble in the presence of 3 pct aluminum. Dif- 
fusion of aluminum into M1 or of manganese into 
AZ31 results in precipitation of a manganese- 
aluminum compound. 

It, therefore, is possible to raise the stress corro- 
sion limit of AZ31 alloy without sacrificing any 
strength by co-extrusion of equal quantities of Ml 
and AZ31 alloys. 

There is some evidence that an alloy of the total 
composition Mg + 1.5 pct Al + 0.5 pet Zn + 1 pct 
Mn would not be any more sensitive to stress- 
corrosion than Ml. There could be some doubt 
whether the result reported for the 50M1 + 50AZ31 
mixture is due to the galvanic protection proposed 
or simply to dilution. A 50/50 mixture of Ml and 
AZ61 was prepared and tested with results as 
shown in table VII. Although data are not avail- 


able in this system for as long a time as with AZ31, 


Fig. 14 — Electron mi- 
crograph of % in. diam 
rod of KO + 12 pet 
Mg-Al eutectic heat 


: treated, 750°F (1 hr). 
Methyl iodide etchant. 
10,000X 


° 


the evidence is good that Ml is as effective in rais- 
ing the stress-corrosion limit of AZ61 as of AZ31. 
The effect cannot, therefore, be ascribed to dilu- 
tion. 

The tensile properties shown in the same table 
illustrate again the interference-hardening reaction. 
The 50MI1/50AZ61 co-extrusion is stronger than . 
either of the components. The data also show that 
the properties decrease less rapidly with increasing 
extrusion speed. This has been noted often and is 
probably due to the decreased tendency for coa- 
lescense exhibited by precipitation formed by inter- 
ference, as discussed above. 


Hot Short Speed: Many of the strong magnesium- 
base alloys contain enough alloying material to 
lower the solidus to such an extent that the alloys 
cannot be extruded at reasonable speeds without 
hot-shorting. This has been a severe limitation on 
the development of high-strength magnesium al- 
loys. It has been found possible to eliminate this 
difficulty by co-extrusion with an alloy not sus- 
ceptible to hot-shorting even at high speeds. Table 
VIII lists results obtained by co-extruding a few 
hot-short alloy types with Ml and AMZ210. In 
every case there is a significant increase in the 
hot-short limit of the mixture as compared to the 
single alloy. 

Summary 


The technique of the extrusion of powdered mag- 
nesium alloys has been described. The importance 
of the use of atomized powder, a new mechanism 
termed “interference hardening,’ a method for 
combating stress-corrosion, and a method for in-~ 
creasing the hot-short speed of extrusions have 
also been discussed. 

To summarize the ideas advanced in the paper, 
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Fig. 15—Microstructure of 34 in. diam rod of 50MI/ 
50AZ31 Co-extrusion. 
Acetic picral etchant. 250X. 


and to illustrate what can be accomplished by com- 
bining all the principles discussed, the data in table 
IX are given. The alloy ZK60 + 0.5 pct Ca has 
excellent mechanical properties, but it can be ex- 
truded at only 1 fpm. Addition of M1 to this alloy 
raises the permissable extrusion-rate to 5 fpm, but 
the properties are significantly lower. However, 
ZK60 + 0.5 pet Ca contains zirconium which can 
be made to undergo an interference-hardening re- 
action by addition of aluminum. Therefore, 12 pct 
magnesium-aluminum eutectic was also added with 
the results shown. The permissible extrusion-speed 
is increased fivefold, a better combination of prop- 
erties is obtained, and the alloy may be expected to 
be no more sensitive to stress corrosion than Ml. 
Appendix 
The ASTM nomenclature system for magnesium 

alloys is designed to indicate the principle composi- 
tion by the designation itself. The symbol for an 
alloy contains, first, not more than two letters to 
represent the principle alloying-ingredients listed 
in order of decreasing total addition; second, num- 
bers representing the amount of each constituent 
assigned a letter, listed in the same order as the 
letters. If a range of composition is specified for an 
element the mean is used; if a minimum is specified, 
the minimum is used to determine the symbol. 
Compositions at 0.5 pct are rounded according to 
standard ASTM procedure. The symbols for the 
elements used for this paper are: 

A—Aluminum 

Z—Zine 

K—Zirconium 

M—Manganese 

E—Mischmetal — 

The nominal compositions of the alloys used are: 

ASTM Designation Composition (Mg + ) 


Mi 1.2 pet Mn (minimum) + 0.10 pct Ca 
KO 0.5 pet Zr 
AZ31 3 pet Al+ 1 pet Zn + 0.2 pct Mn 


AZ61 
ZK60 


6 pet Al + 1 pct Zn + 0.2 pet Mn 
6 pet Zn + 0.7 pet Zr (minimum) 


36 + © /OM/490AZ3/ 
’ 0 25MIFISAZ31 
34 © S0MI+50AZ31 


| 10 100 1000 
Days to fracture 


Fig. 16—Stress corrosion of AZ31 alloy and MI/AZ31 
mixtures. 


AMZ111* 1 pet Al+ 1 pct Mn + 1 pct Zn 
AMZ210* 2 pct Al + 1 pct Mn + 0.5 pct Zn 
* This composition is not designated according to the ASTM sys- 


tem since three letters are used. However, for the purpose of this 
paper the designation used is clearer. 
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Kinetics of the 


Eutectoid Transformation 


in Alloys of 


lron and Nitrogen 


by B. N. Bose and M. F. Hawkes 


Metallographic, X ray diffraction, and microhardness studies on an alloy of 
2.35 wt pct nitrogen, balance iron are reported. This alloy is analogous to the eutec- 
toid iron-carbon alloy with respect to transformation to “pearlitic” and “martensitic” 
structures. Isothermal transformation at all temperatures is slower in the nitrogen 
alloy, and the nitrogen austenite is far more stable with respect to transformation 

to martensite. 


INCE Davenport and Bain* introduced the iso- 
thermal transformation technique for the study 
of austenite decomposition in steels, a new field of 
investigation has opened up. Extensive research has 
been carried out on many different steels, but rela- 
tively little work has been done on eutectoid trans- 
formations in analogous alloy systems. The re- 
searches of Smith and Lindlief,*? Mack,? and Klier 
and Grymko” on the beta-phase transformation in 
copper-aluminum alloys, of Hibbard, Eichelman, 
and Saunders* and Smith’ on the kappa-phase 
transformation in copper-silicon alloys, of Chaudron 
and Forester® on the decomposition of ‘FeO,’ and 
of Wasserman’ on similarities between the iron- 
carbon, copper-aluminum, copper-tin, and copper- 
beryllium systems essentially comprise the field. 
The iron-nitrogen system, in view of its remark- 
able similarity to the iron-carbon system, is particu- 
larly attractive for the study of eutectoid decompo- 
sition. The present investigation is concerned with 
the study of isothermal transformation, proceeding 
by the familiar nucleation and growth processes, 
and of martensitic transformation characteristics of 
pure iron-nitrogen alloys. The kinetics of trans- 
formation and the morphology of the transforma- 
tion products have been investigated, for these must 
be the factors determining the properties and be- 
havior of the final product. 


The Iron-Nitrogen System 


The binary iron-nitrogen phase diagram has been 
a matter of considerable disagreement among vari- 
ous investigators. However, the phase diagram ac- 
cording to Eisenhut and Kaupp* and Lehrer’ is now 
considered essentially correct as reproduced in fig. 
1. The important values, 2.35 pct nitrogen and 
591°C, for the co-ordinates of the eutectoid point 
(obtained from this diagram and used in the re- 


search to be described) were confirmed in a con- 
current study of Paranjpe, Cohen, Bever and Floe.” 
The eutectoid decomposition involves the trans- 
formation of the y face-centered cubic interstitial 
solid solution of nitrogen in iron to the @ body- 
centered cubic interstitial solid solution of nitrogen 
in iron and the y’ nitride of iron. This nitride is 
essentially the compound Fe,N; it also possesses a 
face-centered cubic lattice but a considerably larger 
one than the y; the nitrogen atoms in y’ are arranged 
in an ordered way in the centers of the unit 
cubes.**»* A martensitic structure has also been 
reported® ” in iron-nitrogen alloys and was studied 
in the research to be described here. 


Materials and Methods 


The. specimens used in this investigation were 
prepared by nitriding “pure” iron. This iron was 
supplied by the Westinghouse Research Labora- 
tories and is the product bearing their trade name 
“Puron”’; it contains about 0.04 wt pct total im- 
purities, the major portion of which is oxygen. 
Specimens were ribbons several inches long, a tenth 
of an inch wide, and 0.125 mm thick; this was the 
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Fig. 1—The Iron-Nitrogen phase diagram. 
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Figs. 2 and 3 (right)—Isothermal reaction 
curves for Iron-Nitrogen eutectoid alloy. 


tS 
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480°C and 580°C curves are for lamellar trans- 
formation product only. (See text.) 


maximum thickness that could be nitrided to give 
a uniform nitrogen concentration throughout. 

It must be realized that in the iron-nitrogen sys- 
tem where one component is a gas, the equilibrium 
diagram (fig. 1) has significance only at a pressure 
corresponding to the vapor pressure of atomic nitro- 
gen in the gaseous atmosphere surrounding the 
specimens used in the determination of the dia- 
gram. In other words, the diagram represents the 
iron-nitrogen system in equilibrium not at atmos- 
pheric pressure but at the very high pressure cor- 
responding to the dissociation of ammonia. 

Likewise in the studies reported here, the speci- 
mens were of necessity prepared and heat treated 
in an atmosphere consisting of a mixture of pure 
dry ammonia and hydrogen. It must also be re- 
membered that the nitrogen concentration of the 
specimen is controlled directly not by the NH.-H, 
ratio of the gas mixture entering the furnace but 
by the degree of dissociation of ammonia at the 
very surface of the specimen. This is in turn con- 
trolled empirically by the NH,-H, ratio fed to the 
furnace, but the value of this ratio for a given 
nitrogen concentration in the specimen is affected 
by the various arbitrary dimensions of the specimen 
and furnace. 

In practice the gas ratios varied but were always 
adjusted to give the desired nitrogen concentration 
in the specimen (usually 2.35 pct nitrogen by 
weight, the eutectoid concentration). The amount 
of nitrogen absorbed was measured by weighing 
the specimens in a’ semimicro balance before and 
after nitriding; previous to the latter weighing, the 
specimens were water quenched from the nitriding 
temperature. Analyses were also checked occa- 
sionally by means of the vacuum fusion method; 
good agreement was obtained. 


g ae gi a—S 
10 100 ip00 
TIME (SECONDS) 


10000 100p00 


00 100 
TIME (SECONDS) 


Homogeneity of the specimens (with respect to 
uniform nitrogen concentration throughout the 
thickness) was obtained by continuing the original 
nitriding with constant NH,-H, ratio until several 
weighings showed the desired value of nitrogen 
concentration and no change in that value. All 
later microscopic observations following isothermal 
transformation showed a uniform degree of trans- 
formation across the thickness of each specimen; 
in view of the pronounced effect of nitrogen con- 
centration on rate of transformation to be de- 
scribed later, this is additional confirmation of the 
fact that the specimens were homogeneous. 

The nitriding temperature used was 700°C; 3 to 
4 hr at this temperature was sufficient to insure 
homogeneity; water quenching followed the nitrid- 
ing. The specimens were reheated to 700°C for 
austenitizing in an NH;-H, atmosphere suitable for 
maintaining the nitrogen concentration unchanged. 
Austenitizing times of from 3 to 30 min were used. 
This difference resulted in no variation in austenite 
grain size or degree of subsequent isothermal 
transformation; the austenite grains were rather 
uniform in size, averaging 0.06 mm in diam. 

The heat treating arrangement consisted essen- 
tially of two electric resistance furnaces heating 
successive portions of a single: silica tube through 
which the NH,-H. atmosphere flowed. After aus- 
tenitizing in the 700°C portion of the tube, the 
specimens were quickly pushed into the other zone 
of the tube maintained at the desired temperature 
of transformation within 2°C. Less than 10 sec was 
required for the specimens to cool from the aus- 
tenitizing temperature to the temperature of trans- 
formation. 

Throughout the time of subcritical transforma- 
tion, the NH,.-H, mixture was allowed to flow 
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Fig. 4—Isothermal transformation diagram for Iron-Nitrogen 


eutectoid alloy. 


through the silica tube in order to minimize loss of 
nitrogen from the specimen. Equilibrium was not 
attained, and it is probably not practical to attempt 
to attain it in view of the phase reactions occurring 


in the specimen during holding, the very high de-. 


gree of ammonia dissociation necessary for equilib- 
rlum with Fe.N, and the varying NH,-H, ratio re- 
quired at various temperatures of transformation. 
It is sufficient to say that with the gas ratios used, 
no loss of nitrogen was observed in any specimens 
for which results are reported later. This was 
checked by weighing every specimen after trans- 
formation. (Note in fig. 2 that transformation at 
580° and 570°C could only be followed for about 
10,000 sec before appreciable loss of nitrogen in the 
specimens occurred.) 

Most of the experimental results reported here 
are based on microscopic analysis in conjunction 
with isothermal transformation experiments using 
the techniques described above. Some X ray diffrac- 
tion studies were made, but these were undertaken 
primarily to supplement the microscopic work by 
identifying phases and more or less qualitatively 
estimating the progress of reactions. Microhardness 
measurements have also been made to supplement 
the metallographic and X ray diffraction studies. 
Except for the study of martensitic transformation, 
the isothermal transformation technique has been 
used to study both kinetics and morphology. 


Kinetics of Transformation and Morphology 


_Isothermal reaction curves for the eutectoid iron- 
nitrogen alloy (2.35 pct nitrogen) at various sub- 
critical temperatures are presented in fig. 2 and 3. 
They are similar in form to the reaction curves ob- 
tained for nucleation and growth processes in other 
systems, notably the isothermal decomposition of 
eutectoid steel. These curves have been summarized 
in the customary “T-T-T” diagram reproduced in 
fig. 4, using 1 pct and 99 pct as the criteria for the 
beginning and the end of reaction. The resulting 
curves have the familiar C-shape similar to the 
isothermal transformation diagram for eutectoid 
iron-carbon alloys. The highest temperature of re- 
action studied was 580°C, about 10° below the 
eutectoid; the transformation at this temperature 


CAG 


Fig. 5—Iron-Nitrogen eutectoid alloy, trans- 
formed 2 hr at 580°C. 


400000 


(100 pet transformed) 1000X. Picral-nital etch. 


starts in about 30 min. It was not possible to study 
the transformation at any higher temperatures be- 
cause the rate of reaction is quite slow and there 
is a pronounced tendency for the specimen to de- 
compose with loss of nitrogen at these high tem- 
peratures; the loss of nitrogen was appreciable 
before any detectable eutectoid transformation oc- 
curred. 

At 580°C, as also at the next lower temperature 
investigated, 570°C, the transformation resulted in 
a lamellar structure as well as irregular massive 
precipitates of ferrite and nitride (Fe,N). In esti- 
mating the amount of transformation at these tem- 
peratures, for fig. 2-4, only the lamellar structure 
has been taken into consideration. It is difficult to 
distinguish microscopically the massive transforma- 
tion product from the untransformed matrix; quan- 
titative estimation is practically impossible although 
qualitative estimation was obtained by X ray means. 
It may be noted, however, that both types of struc- 
ture appear to start forming at about the same time. 

The fastest rate of reaction occurs at about 400°C 
where the reaction starts in 15 sec and is completed 
in 4% min. At lower temperatures, the rate of re- 
action again decreases until at temperatures below 
250°C, it is so slow that the beginning of trans- 
formation cannot be detected even after 12 hr at 
150°C. No evidence for a second ‘‘knee” in the 
T-T-T curve was obtained. The martensite trans- 
formation will be discussed in a later section. 

The morphological features exhibited by the iron- 
nitrogen system are rather interesting. Just below 
the eutectoid temperature, at 580°C, a lamellar 
structure, very similar to iron-carbon pearlite is 
formed. In addition to this lamellar structure, the 
eutectoid alloy at this temperature also gives rise 
to a transformation product consisting of irregular 
masses of ferrite and nitride. These two transforma- 
tion products are shown in fig. 5. X ray diffraction 
studies also indicate that at this temperature the 
entire specimen is converted into ferrite and nitride 
(Fe.N) in 2 hr although only less than half of the 
specimen shows lamellar structure. 

At 570°C, the transformation is essentially the 
same as at 580°C; the lamellar structure is again 
observed, and, as expected, it has a finer inter- 
lamellar spacing. The irregular massive precipitates 
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Fig. 6 (left)—Iron-Nitrogen eut 
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eto alloy, transformed 4 min at 550°C. 1000 X. Fig. 7 (center)— 


Iron-Nitrogen eutectoid alloy, transformed 6 min at 550°C. 1000 X. Fig. 8 (right)—Iron-Nitrogen 
eutectoid alloy, transformed 3 min at 550°C followed by 45 sec at 400°C. 1000 X. 


All specimens etched-in picral-nital solution. 


still form, and the entire specimen presents a 
‘“Jumbled”’ structure. 

At lower temperatures, such as 550°C, well de- 
fined lamellar structure is no longer discernible, 
and the formation of massive precipitates has also 
practically stopped. Down to this temperature, the 
rate of nucleation is relatively slow. Only a small 
number of nuclei form, effectively at random, and 
grow to large size, showing the group nodule type 
of transformation as discussed by Hull and Mehl,” 
in the case of iron-carbon alloys. Fig. 6 and 7 show 
stages in the progress of transformation at 550°C.* 
etching background was untransformed austenite at the end of the 
stated time of isothermal holding. On subsequent quenching to 


room temperature, less than half of this austenite transformed to 
martensite. See later discussion. 


That nucleation starts essentially at the grain 
boundaries, is revealed in fig. 8, which shows partial 
transformation at 550°C followed by a small amount 
of transformation at 400°C to bring out the austenite 
grain boundaries. 

As the reaction temperature is lowered further 
to 500°C, nucleation starts rapidly at and forms an 
envelope around the grain boundaries. Growth then 
occurs radially towards the center. The progress of 
transformation at 500°C is depicted in fig. 9 and 10. 
The behavior thus continues to be strikingly similar 
to the morphological characteristics of iron-carbon 
alloys studied in detail by Hull and Mehl.” As the 
reaction temperature is further lowered to 400°C, 
the structure continues to be essentially the same, 
though becoming progressively finer and less re- 
solvable under the microscope. 

As the reaction temperature is further lowered 
below 400°C, that is below the knee of the iso- 
thermal transformation diagram, a distinct change 
‘in the microstructure of the products is observed, 
as seen in fig. 11; the structure becomes lighter 
etching and completely unresolvable. Although the 
transformation does not show any structural simi- 
larities to bainite, it seems highly probable that in 
the iron-nitrogen system as in the iron-carbon sys- 
tem, a fundamental change in the mechanism of 
transformation occurs at the knee of the isothermal 


diagram. This is further suggested by hardness 
measurements of the products of transformation at 
different temperatures, as will be seen presently. 


Rates of Nucleation and Growth 


From the foregoing discussion and from exam- 
ination of the structures developed at various re- 
action temperatures, the following qualitative state- 
ments may be made. The rate of nucleation is quite 
slow at temperatures immediately below the eu- 
tectoid and increases rapidly as the transformation 
temperature is lowered. The rate of. growth also in- 
creases somewhat with decrease in reaction tem- 
perature but not nearly so rapidly as the rate of 
nucleation. The ratio of the rates of nucleation and 
growth thus increases rapidly with decreasing tem- 
perature. These relationships cause the formation 
of group nodules at higher transformation tempera- 
tures and pronounced grain boundary transforma- 
tion at relatively lower temperatures. 

Actual measurement of the rates is extremely 
difficult in view of the fact that at the highest trans- 
formation temperatures studied, the nucleation and 


growth of the normal eutectoid product is interfered 


with by the simultaneous formation of irregular 
massive precipitates, whereas at somewhat lower 
temperatures, the transformation product has pro- 
nounced tendency to form in chains along grain 
boundaries. There is also the difficulty of dis- 
tinguishing very small nuclei from inclusions and 
other imperfections. Owing to these difficulties, no 
attempt was made to measure accurately the rate 
of nucleation. 

The rate of growth, however, has been measured 
at two temperatures, 580° and 550°C, using the 
technique developed by Hull, Colton, and Mehl.* 
This consists in examining partially reacted speci- 
mens in which nodule impingement has not 
occurred, and plotting maximum nodule radius 
against time of transformation. When rate of growth 
is constant, as it usually is, the plot gives a straight 
line, the slope of which is the rate of growth. 

At 580°C, the maximum nodule radius has been 
plotted as indicated above, ignoring the interfer- 
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(center) —Iron-Nitrogen eutectoid alloy, transformed 3 min 30 sec at 500°C. 1000 X. Fig. 11 (right)— , 
Iron-Nitrogen eutectoid alloy, transformed 1 min 30 sec at 350°C. 1000 X. 


All specimens etched in picral-nital solution. 
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ence due to the blocky precipitates. The result is 
shown in fig. 12. It will be noticed that although 
there is a straight portion to begin with, the curve 
flattens out with time indicating hindrance in 


growth, presumably due to the massive precipitates. 
The initial rate of growth is found to be 4.2x10° 


4 : 
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mm per sec. At 550°C, the reaction is relatively free 


from the massive precipitation observed at higher 
temperatures, and also from the pronounced grain 
boundary precipitation occurring at lower tempera- 
tures. The maximum nodule size plotted against 
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Fig. 12 (left above)—Growth curve; 580°C. 
Fig. 13 (left below)—Growth curve; 550°C. 


Fig. 14 (above)—Microhardness of the products 
of isothermal transformation of eutectoid Iron- 
Nitrogen alloy at various temperatures. 
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time gives more nearly a straight line (fig. 13), 
and the rate of growth is found to be 8.7x10° mm 


per sec. X ray Diffraction Studies 


Powder photograms were taken with specimens 


transformed at various temperatures for various 


lengths of time. Cobalt Kq radiation with iron filter 
was used. The observed lattice parameter of the 


phases are as follows: 
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Fig. 15—Hardness of the products of 

isothermal transformation of eutectoid 

Iron-Carbon alloy at various tempera- 
tures. Davenport and Bain.* 
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Fig. 16 (left)—Martensite in eutectoid Iron-Nitrogen alloy, as quenched in liquid Nitrogen. 750 X. 
Fig. 17 (center)—Martensite in eutectoid Iron-Nitrogen alloy, quenched in liquid Nitrogen then 
tempered 30 min at 225°C. 750 X. Fig. 18 (right)—Same as fig. 17. 2000 X. 


The light etching matrix phase in all three micrographs is retained gamma. All specimens etched in picral-nital solution. 
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Fig. 20—Microhardness of Iron-Nitrogen alloys quenched to various 
temperatures. 
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Fig. 21—Isothermal transformation diagram (50 pet 
transformation) for Iron-Nitrogen alloys: 


eutectoid (2.35 pet N), hypo-eutectoid (1.85 pet N), and hyper- 
eutectoid (2.55 pct N). 
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Fig. 22 (left)—Hypo-eutectoid Iron-Nitrogen alloy (1.85 pct N) transformed 100 sec at 500°C. 1000 X. 


Fig. 23 (center)—Hyper-eutectoid Iron-Nitrogen alloy (2.55 pet N) transformed 100 sec at 500°C. 
1000 X. Fig. 24 (right) —Eutectoid Iron-Nitrogen alloy (2.35 pct N) transformed 100 sec at 500° C. 1000 X. 


All specimens etched in picral-nital solution. 


A specimen transformed for 2 hr at 580°C is 
found to consist entirely of ferrite and nitride 
(Fe,N), although only less than half of the product 
appears lamellar in structure, the rest consisting of 
irregular massive precipitates mentioned earlier. As 
the transformation progresses, the gamma lattice 


Fig. 25 (left)—Iron-Nitrogen 
alloy with progressively de- 
creasing nitrogen concentra- 
tion from 2.6 pct N, corre- 
sponding to the top of the 
micrograph, quenched to 60°C, 
then tempered 30 min at 
225°C. 750 X. 


Picral-nital etch. 


Fig. 26 (right) —Iron-Nitrogen 
alloy with progressively de- 
creasing nitrogen concentra- 
tion from 2.6 pet N, corre- 
sponding to the top of the 
micrograph, quenched to 
—20°C, then tempered 30 
min at 225°C. 750 X. 


Picral-nital etch. 


parameter appears to retain constancy, indicating 
that the gamma phase does not change in composi- 
tion during the progress of the transformation. 
Both above and below the knee of the reaction 
curve, the transformation consists of ferrite and 
nitride (Fe,N) as shown by X ray diffraction, so 
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that crystallographically, the products of trans- 
formation above and below the knee are identical, 
in spite of their microstructural difference. 


Microhardness Measurements 


Microhardness measurements were made by 
means of a Tukon Tester, using a load of 500 g for 
most of the experiments. Untransformed gamma, 
much of which is retained on quenching to room 
temperature, has a Knoop hardness* of 290. The 


*For the relationship between Knoop hardness and Rockwell 
hardness, see ref. 15 and 16. 


hardness increases on transformation into ferrite 
and nitride (Fe,N), presumably due to the dispersed 
hard nitride particles. 

The hardness of the completely transformed 
product at various temperatures is shown in fig. 14. 
It will be noticed that the trend is the same as 
would be expected from the microstructures; that 
is, as the transformation temperature decreases, the 
structure becomes finer and the hardness increases. 
Also, with decrease in transformation temperature, 
the product becomes more brittle. For the*sake of 
comparison, the change of hardness with the iso- 
thermal transformation temperature for an eu- 
tectoid iron carbon alloy, as obtained by Davenport 
and Bain," is reproduced in fig. 15. The similarities 
between fig. 14 and 15 are quite obvious; in both 
cases, there is increase in hardness with decrease in 
transformation temperature. There is, however, one 
significant difference between the two curves. In 
the case of the iron-nitrogen alloy, the hardness 
curve shows a maximum slope at a temperature of 
about 400°C which corresponds to the knee of the 
isothermal transformation diagram. In the case of 
the iron-carbon alloys also, the hardness curve 
shows a marked change in slope at the temperature 
of the knee, about 550°C; but in this case, the slope 
at this temperature is at a minimum, and for a cer- 
tain temperature range, there is hardly any change 
in hardness as the transformation temperature is 
decreased. However, the changes in slope of the 
hardness curves at the temperature of the knee, 
though in the opposite direction in the two systems, 
may both indicate a fundamental change in the 
mode of transformation in this temperature range. 


Martensite Transformation in the 
Iron-Nitrogen System 


Fry” first reported a microstructure similar to 
that of martensite in rapidly cooled iron-nitrogen 
alloys. Eisenhut and Kaupp* observed that iron- 
nitrogen alloys quenched from the gamma phase 


contained a body-centered tetragonal structure.- 


These authors found the axial ratio of the body- 
centered tetragonal iron-nitrogen martensite to be 
1.06 for 0.8 pct nitrogen and stated that the axial 
ratio decreases with lower nitrogen concentration. 

In the course of the present investigation, the 
above findings have been essentially confirmed and 
extended. It has been found that an eutectoid iron- 
nitrogen alloy when quenched to subzero tempera- 
tures’ undergoes martensitic transformation and 
produces the structures shown in fig. 16 in the as- 
quenched state and fig. 17 after quenching and tem- 
pering at 225° for 30 min. Fig. 18 shows the 


tempered martensite at a higher magnification. It 
will be noticed that the martensite in this alloy 
forms as well-defined plates with prominent mid- 
ribs very similar to the structure observed in high 
carbon steels. Also, as in steel, the iron-nitrogen > 
martensite etches dark as a result of tempering. 
This permits the use of the technique developed by 
Greninger and Troiano” for metallographic study 
of the progress of martensite transformation. The 
amount of martensite formed as a function of 
quenching temperature is shown in fig. 19.* The 


* The results show considerable scatter and are presented in 
the form of a band in fig. 19. 


M, temperature for the eutectoid alloy is found to 
be 35°C. It will be noticed that the form of the 
curve in fig. 19 is typical of the martensite trans- 
formation curves in steel or in other systems. The 
amount of martensite at first increases with de- 
crease in the quenching temperature, but the trans- 
formation apparently stops at a temperature of 
about -—70°C and no additional martensite is formed 
even on quenching to the temperature of liquid 
nitrogen, although a considerable amount of aus- 
tenite is still retained untransformed. The iron- 
nitrogen system thus presents an extreme case of 
the phenomenon of stabilization and retention of 
austenite. In accordance with Cohen’s theory,” it 
would appear that in this system, the supply of 
available nuclei which may transform into mar- 
tensite is very limited, so that the loss of those con- 
sumed during the progress of the transformation 
seriously affects further reaction. In other words, it 
may be considered as a case of pronounced self- 
stabilization. 

X ray diffraction studies were undertaken to de- 
termine the structure of quenched specimens. The 
eutectoid alloy quenched to room temperature con- 
sisted almost entirely of the face-centered cubic 
gamma phase; the eutectoid alloy quenched to 
—80°C showed the body-centered tetragonal mar- 
tensitic structure, together with a considerable 
amount of the untransformed gamma. The axial 
ratio for the body-centered tetragonal martensite 
in this alloy was found to be 1.09, the c and a axes 
being respectively 3.100 A° and 2.844 A®°. The gamma 
phase had a, = 3.637 A®. An hypo-eutectoid alloy 
(1.85 pet nitrogen) showed much weaker lines of 
the gamma phase indicating that the amount of 
retained austenite was less, although an appreciable 
amount still existed. The axial ratio for this alloy 
was found to be 1.07 with the c and a axes respec- 
tively 3.045 A° and 2.846 A°. The gamma in this 
case had a, = 3.616. The transformations in hypo- 
eutectoid alloys are further discussed in the follow- 
ing section. For the X ray diffraction work reported 
here, the experimental set up was the same as re- 
ported earlier in connection with the studies on 
isothermal transformation. The semi-circumference 
of the film was 17.87 cm. Cobalt K alpha radiation 
and an iron filter were used. 

Microhardness measurements were made on the 
quenched specimens. The duplex structure obtained 
on quenching in liquid nitrogen showed a Knoop 
hardness number of approximately 640. The hard- 
ness number for a specimen quenched to room 
temperature and consisting essentially of untrans- 
formed gamma was 290. Hardness measurements 
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were made on a series of specimens quenched to 
various subzero temperatures and then brought back 
to room temperature. The results are shown in fig. 
20. It will be noticed that although there is con- 
siderable scatter in the measured values on account 
of duplex structure, the curve shows the true trend 
of the variation of hardness with quenching tem- 
perature. The hardness of the quenched specimens 
showed a small increase on tempering at 225°C. 
This may be due to isothermal transformation of 
gamma into ferrite and nitride (Fe.N) occurring 
during tempering. 


Transformations in Hypo- and Hyper-Eutectoid 
Iron-Nitrogen Alloys 


The isothermal transformation of two alloys with — 


2.55 pet and 1.85 pct nitrogen respectively were 
studied at three different. temperatures, namely, 
500°, 400°, and 300°C. The time for 50 pct trans- 
formation of these alloys, together with the same 
for the eutectoid alloy, is shown in fig. 21. 
The curves show the familiar C shape; the hypo- 
eutectoid alloy shows a much faster reaction rate, 
while the hyper-eutectoid alloy also shows a some- 
what faster rate as compared with the eutectoid 
alloy. The transformation products obtained with 
_the three alloys for the same length of time at 500°C 
are shown in fig. 22-24. 

No pro-eutectoid constituents were observed 
either in the hypo or in the hyper-eutectoid alloys 
at the temperatures studied; the “pearlite inter- 
ruption” apparently sets in at an early stage, so 
that-no pro-eutectoid rejection is discernible. 

An alloy with 2.55 pct nitrogen did not show any 
measurable difference from the eutectoid alloy with 
2.35 pct nitrogen as regards the M, point and the 
course of martensite transformation, probably be- 
cause the compositions are not far removed from 
each other. With a hypo-eutectoid alloy containing 
1.85 pct nitrogen, metallographic study was found 
to be difficult. The quenched and tempered speci- 
mens did not show well defined martensite plates 
as in the case of the eutectoid alloy. The difficulty 
was probably enhanced due to -relatively rapid 
isothermal transformation of the untransformed 
gamma into ferrite and nitride during tempering. 
The microstructures shown in fig. 25 and fig. 26 are, 


however, instructive. The specimens concerned had 


a gradient of nitrogen concentration, the maximum 
at the top of the figures was about 2.6 pct with pro- 
gressively decreasing nitrogen content until at the 
bottom there was practically pure iron. The speci- 
men in fig. 25 was quenched to 60°C then tempered 
at 225°C and finally quenched to room temperature. 
The one in fig. 26 was quenched to —20°C, then 
tempered at 225°C and cooled back to room tem- 
perature. From both figures, it is quite obvious that 
the M, point is raised and the martensite trans- 
formation progresses further as the concentration 
of nitrogen is decreased. The same effect is con- 
firmed by the X ray diffraction studies mentioned 
earlier. It was pointed out that an alloy of 1.85 pct 
nitrogen quenched to —80°C shows much weaker 
lines of retained gamma than the eutectoid alloy. 
‘However, even in the hypo-eutectoid alloy an ap- 
preciable amount of gamma remains untransformed. 
The effect of nitrogen concentration on the mar- 
tensite transformation in iron-nitrogen alloys thus 


appears to be similar to that of carbon and other 
alloying elements in steel with the exception of 
cobalt and aluminum. 

It has also been pointed out that the axial ratio 
of martensite in the 1.85 pct nitrogen alloy has been 
found to be 1.07; the axial ratio for the eutectoid 
alloy was found to be 1.09. There are not enough 
data available to show the effect of nitrogen con- 
tent over an appreciable range on the lattice para- 
meters of martensite. However, Eisenhut and Kaupp* 
found the axial ratio for an alloy of 0.8 pct nitrogen 
to be 1.06. Recently, Jack” has reported the axial 
ratio to be 1.08 for an alloy containing 2.19 pct 
nitrogen. The results of the present investigation, 
together with those of Eisenhut and Kaupp and of 
Jack, are presented in fig. 27. It is seen that the 
effect of nitrogen concentration on the axial ratio 
of martensite is quite similar to that of carbon in 
iron-carbon alloys. This, however, is not surpris- 
ing for the martensite in both systems consists of 
an interstitial solid solution. 

Microhardness measurements were also made on 
a series of specimens of the 1.85 pct alloy. The re- 
sults are shown in fig. 20. It is seen that the hard- 
ness of the specimen quenched to liquid nitrogen 
is somewhat higher than that of the corresponding 
specimen of eutectoid composition, presumably due 
to a higher martensite content in the hypo-eutectoid 
alloy. A rough measure of the M, temperature for 
the hypo-eutectoid alloy can be obtained by extra- 
polating the hardness curve to the value corre- 
sponding to untransformed gamma, which, in the 
case of the eutectoid alloy, was found to be 290 
Knoop. The M, temperature for 1.85 pct ga: 
is thus found to be approximately 85°C. 


Summary and Conclusions 


The transformations in iron-nitrogen alloys have 
been found to be very similar to those of iron- 
carbon austenite. The time temperature transfor- 
mation diagram for the eutectoid iron-nitrogen 
alloy has a simple C shape as does that of the iron- 
earbon eutectoid alloy. Isothermal transformation 
at temperatures very close to the eutectoid pro- 
duces a lamellar pearlitic structure. Along with the 
lamellar product, transformation to irregular mas- 
sive precipitates of ferrite and nitride occurs simul- 
taneously. At somewhat lower temperatures, the 
massive precipitates are no longer observed, and 
the structure becomes finer and less resolvable 
under the microscope. Group nodule transforma-* 
tion is observed at higher temperatures and is 
gradually replaced by predominantly grain boun- 
dary transformation as the temperature is lowered. 
At the knee of the T-T-T curve, the microstructures 
show a distinct change; this, together with the 
marked change in the slope of the hardness versus 
temperature curve, strongly suggests a fundamental 
difference in the mechanism of transformation above 
and below the knee as in the case of iron-carbon 
alloys. 

Accurate determination of the rates of nucleation 
and growth is difficult in this system. It is observed, 
however, that both rates increase with decreasing 
temperature, the rate of nucleation at a much faster. 
pace than the rate of growth. The ratio of rate of 
nucleation to rate of growth thus increases with 
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Fig. 27—Variation of lattice constants of 
Iron-Nitrogen martensite with nitrogen 
concentration. 

Data for 0.8 pct nitrogen from Eisenhut and Kaupp.® 


Data for 2.19 pet nitrogen from Jack.!®9 Remaining 
data from the present investigation. 


decreasing temperature. The rate of growth at 
550°C has been found to be 8.75x10° cm per sec. 

X ray diffraction studies confirmed the phases 
formed on isothermal transformation to be ferrite 
and y’ (Fe,N). The final products of transformation 
above and below the temperature of the knee are 
found to be ecrystallographically identical. The com- 
position of the austenite is found to remain con- 
stant during the progress of the isothermal trans- 
formation. 

The products of transformation have increasing 
hardness and decreasing ductility with decreasing 
temperature of reaction. The hardness versus tem- 
perature curve shows a marked change in slope at 
the temperature of the knee. 

Iron-nitrogen alloys also undergo martensitic 
transformation. The microstructure and the crystal 
structure of iron-nitrogen martensite are found to 
be very similar to those of iron-carbon martensite. 
Both also show similar behavior on tempering. The 


M, point of the eutectoid iron-nitrogen alloy is 35°C. . 


The iron-nitrogen alloys exhibit an extreme case 
of the phenomenon of stabilization and retention 
of austenite. The body-centered tetragonal iron- 
nitrogen martensite has an axial ratio of 1.09 when 
* the nitrogen concentration is 2.35 pct. 


Studies on hyper- and hypo-eutectoid iron- 
nitrogen alloys show that deviation from eutectoid 
composition in either direction increases the rate of 
isothermal transformation. Two alloys of nitrogen 
concentration, 1.85 and 2.55 pct respectively, were 
studied. In neither case was pro-eutectoid precipi- 
tation observed on isothermal transformation at 
500°, 400°, and 300°C. ; 

With regard to the martensitic transformation, it 
is observed that the M, temperature is raised and 
the martensite transformation progresses further as 
the nitrogen content is decreased. The axial ratio 
of the body-centered tetragonal martensite also de- 
» creases with decreasing nitrogen concentration. The 

effects of nitrogen are thus very similar to those of 
carbon. 
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the Effect of Carbon 


on the Activity of Sulphur in Liquid Iron 


by J. P. Morris and R. C. Buehl 


A study has been made of the equilibrium conditions in the reaction between 
hydrogen gas and dilute solutions of sulphur in liquid iron-carbon alloys. The equa- 
tion for the reaction may be written as follows: 

S (in liquid Fe-C alloy) ++ H. (gas) = H.S (gas). 

The carbon content of the metal has a decided influence on the equilibrium 
conditions. At constant temperature and constant H.S concentration in the gas 
phase, the sulphur content of the metal at equilibrium decreased as the carbon 
content was increased. At 1600°C and with 2.3 pct carbon in the metal, the activity 
coefficient of sulphur was twice that for sulphur dissolved in pure iron; and at carbon 
saturation it was more than six times as great. 

The effect of temperature on the reaction is small. At 4.35 pct carbon, the rela- 
tion between the equilibrium constant and temperature may be expressed as follows: 


log K = —450 —1.74. 
T 


pet values for sulphur dissolved in liquid 
iron and slags as functions of composition and 
temperature are needed in applying thermodynamics 
to sulphur-control problems in iron- and steel- 
making. The purpose of this investigation was to 
determine the effect of carbon on the activity of 
sulphur in the metal phase. The method employed 
was the same as that used in an earlier investiga- 
tion' concerning the effect of silicon on sulphur 
activity in liquid iron. A study was made of the 
conditions of equilibrium in the reaction between 
hydrogen gas and sulphur dissolved in iron-carbon 
alloys. The chemical equation for this reaction can 
be written as follows: 
S (in liquid Fe-C alloy) + H, (gas) = HS (gas). 
It was found that the activity coefficient of sul- 
phur in liquid iron increases as the carbon content 
increases. At 2.3 pct carbon and 1600°C, the activity 
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coefficient of sulphur is twice its value in carbon- 
free iron, and at carbon saturation it is more than 
six times as great. The effect of temperature on 
sulphur activity was found to be small. 

Previous work on the reaction between hydrogen 
gas and sulphur dissolved in liquid iron has been 
reported by several investigators’ *»* but only re- 
cently have studies been made of the effect of alloy- 
ing elements. Silicon* is known to have a pronounced 
influence on the activity of sulphur in iron, its effect 
being similar to that shown by carbon as described 
in the present report. Kitchener, Bockris, and Liber- 
man’ recently have published a preliminary report 
of their work on the effect of carbon on sulphur 
activity in iron. Their experiments were made at 
1570°C and carbon saturation in the melt. Under 
these conditions they found that the activity co- 
efficient of sulphur was approximately doubled by 
the presence of carbon. This is a much smaller effect 
than that found in the present work. 


Experimental Method: The apparatus and pro- 
cedure were essentially the same as those used in 
the earlier investigation of the effect of silicon on 
sulphur activity. Briefly, the method was as fol- 
lows: A molten iron-carbon alloy was brought to 
equilibrium at constant temperature with a mixture 
of H. and H.S of constant composition by bubbling 
the gas through the metal. Samples of the melt were 
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Fig. 1—Furnace arrangement. 
A—gas bubbling tube. B—crucible and melt. C—spiral graphite 


heating element. D—water-cooled copper contact clamp. E— 
water-cooled electrical leads. F—graphite support for crucible. 
G—insulating jacket (graphite filled with lamp black). H—insulat- 
ing brick. J—cooling coil for steel shell. K—pusher device for 
adding graphite pellets to melt. 

taken for analysis periodically during the test. 
Equilibrium was assumed to have been attained 
when the sulphur content. of the liquid metal 
reached constant value. Thermal diffusion in the 
gas mixture was eliminated by conducting the gas 
at high velocity directly into the metal through a 
small bore alumina tube. 

For making the melts, an Arsem-type carbon- 
resistor furnace was used. The arrangement within 
the furnace is shown in fig. 1. Temperature control 
was manual; but because of the high heat loss to 
the water-cooled contacts in comparison to the loss 


through the refractories, the furnace reached a- 


steady state rapidly, and a constant temperature 
could be maintained easily by occasional adjust- 
ment of a rheostat. Temperature measurements 
were made with a disappearing-filament-type opti- 
cal pyrometer. Consistent optical readings were 
obtained by sighting on the bubble tube at the point 
of immersion in the metal. The emissivity correction 
was determined by making simultaneous measure- 
ments with the optical pyrometer and with a 
platinum-platinum rhodium thermocouple im- 
mersed in the metal and protected by a sintered 
-alumina sheath. Temperature measurements are be- 
lieved to be accurate within +10°C. 

_ The gas bubbling tube shown at A in fig. 1 was 


made of high-purity alumina sintered to a dense, 
translucent structure and was impervious to gas. 
It was 24 in. long and 0.33 in. od, and had a 0.10-in. 
bore. Alumina tubes were used for bubbling in all 
experiments except E-93. In this test, run at 1800 Ca 
a graphite tube was used because of excessive re- 
duction of aluminum into the melt at this tempera- 
ture. ‘ 

Crucibles were of two types: graphite crucibles 
for melts to be saturated with carbon, and sintered- 
alumina crucibles for melts of lower carbon content. 
Both were made of high-purity materials. The 
crucibles were 1.75 in. od, 1.50 in. id, and 2.50 in. | 
high. 

The gas mixtures were prepared as used by in- 
troducing a stream of hydrogen sulphide into a jet 
of hydrogen in a special mixing bulb.’ Each gas was 
metered separately before mixing, using capillary- 
type flowmeters with butyl phthalate manometers. 
The rate of hydrogen flow was approximately 1050 
ml per min in each test. The flow was controlled by 
means of a pressure regulator on the cylinder and 
a manually operated needle valve mounted beside 
the flowmeter. Precise control of the hydrogen sul- 
phide flow was more difficult than that of the hydro- 
gen because of the very small rate, but was accom- 
plished satisfactorily by means of a needle valve 
supplied by a cylinder filled with hydrogen sulphide 
to a pressure of 5 to 15 lb. The two flowmeters were 
used only to keep the rates of flow constant, the 
actual ratio of H.S to H. being determined in each 
experiment by analysis. 

In carrying out an experiment a charge of 50 to 
70 g of electrolytic iron and enough high-purity 
graphite to give the desired carbon content were 
melted and brought to the operating temperature 
with the hydrogen flowing. When using a graphite 
crucible, electrolytic iron saturated with carbon 
was used for the charge to prevent excessive attack 
on the crucible. Next, the H.S flow was started; the 
tip of the gas-bubbling tube was immersed in the 
liquid metal and enough FeS was added to the melt 
to bring the sulphur content near to the expected 
equilibrium value. The latter step was necessary in 
most experiments to shorten the time needed for 
attaining equilibrium. An experiment usually lasted 
6 to 7 hr, equilibrium being attained in the first 3 
hr in most tests. Samples of the liquid metal for 
analysis were taken at intervals of about 1 hr. 


Metal samples were obtained by applying suc- 
tion to a refractory tube or steel tube dipped mo- 
mentarily into the melt. Four-hole refractory 
thermocouple tubing has been very satisfactory for 
this purpose. In practice, a 3-in. length of the re- 
fractory tube was cemented to a 2-ft length of steel 
tubing. With high-carbon melts, steel sampling 
tubes were used successfully. Thése tubes were 
made by drilling one or more holes lengthwise 
through a 2.5-in. length of 3g-in.-diam steel rod. 
The holes were 3/32 to % in. in diam-at the lower 
end and tapered to facilitate removal of the sample. 
To prevent sticking, the tubes were given a light 
wash with fine alumina powder suspended in alcohol. 


Loss of Carbon: In experiments run in alumina 
crucibles, carbon in the melt reacted with the cruci- 
ble, causing a drop in carbon content and contam- 
ination of the melt by aluminum. An attempt to 
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offset the loss of carbon by adding a small amount 
of methane to the gas mixture was unsuccessful 
because the methane attacked the bubble tube, 
causing it to disintegrate. 

The problem of loss of carbon was solved by add- 
ing graphite to the melt at short, regular intervals. 
The additions were made without opening the fur- 
nace by using the device shown at K in fig. 1. The 
horizontal tube was charged with a weighed quan- 
tity of graphite pellets of uniform size, and one or 
more of these were pushed at intervals into the 
vertical tube leading into the crucible. The rate of 
addition needed was determined by experiment, the 
loss of carbon being greater the higher the tem- 
perature and the higher the carbon content of the 
melt. By this procedure, the carbon content of the 
melt could be maintained constant within 0.10 pct 
carbon for the duration of an experiment. 

The extent of aluminum contamination in the 
melts is shown in table I. When a graphite crucible 
was used, the aluminum pickup resulted from re- 
action with the bubble tube and sampling tubes. 
Contamination of the melts by silicon ranged from 
0.01 to 0.09 pct. 


Methods of Analysis: Metal samples were ana- 
lyzed for sulphur and carbon by standard gravi- 
‘metric procedures. Whenever possible, an entire 
sample from one hole of a sampling tube was used 
for an analysis to eliminate errors due to segrega- 
tion. 

‘Gas samples were taken in a cylindrical bulb of 
1,839 ml capacity placed in the gas line between the 
mixing unit and the furnace. The analysis was made 
by displacing the gas in the bulb with nitrogen, 
absorbing the hydrogen sulphide in ammoniacal 
hydrogen peroxide, and precipitating the sulphur as 
barium sulphate. 

Gas compositions are expressed as the ratio of the 
partial pressure of H.S to the partial pressure of H.. 
At high temperatures, this ratio very nearly equals 
the molar ratio. A correction has been made for the 
dissociation of H.S into H., S. (gas), and S (gas). 
No correction was made, however, for the reaction 
between the gas mix- 
ture and carbon in 
the melt to form 
gases such as CH,, 


At this gas composition and with a melt saturated 
with carbon, the formation of CS, at 1600°C would 
lower the H.S : H, ratio by about 3 pct, assuming 
that equilibrium in regard to CS, were attained. 
This represents the maximum error for this tem- 
perature and gas composition, since, at a lower con- 
centration of carbon in the metal, less CS, would be 
formed. For the same H.S : H, ratio, the maximum 
errors at 1200°, 1400°, and 1800°C are, respectively, 
0.2, 1, and 8epct. Data used in these calculations 
were from Basic Open Hearth Steel-making® and 
K. K. Kelley.’ To calculate the extent of CS, forma-_ 
tion for the melts not saturated with carbon, it 
would be necessary to know the activity coefficient 
of carbon at each concentration and temperature 


involved. 


Experimental Results 

The experimental data are given in tableI. Experi- 
ments were run at 1200°, 1415°, 1600°, and 1800°C 
and at H.S : H, ratios ranging from 0.00242 to 
0.00752. In column 6 the carbon contents shown are 
the actual values obtained by analysis. The values 
for metal saturated with carbon agree closely with 
published data on the solubility of carbon in iron. 

The extent of aluminum contamination in the 
melts is shown in column 7. At 1200° and 1415°C, 
the aluminum pickup was small. This is in agree- 
ment with the observation that the rate of carbon- 
loss was much less at these temperatures than at 
1600°C. An experiment run at 1600°C with 2 pct 
aluminum in the melt, but no carbon, indicated that 
aluminum affects the activity of sulphur in iron in 
the same direction as carbon but to a much smaller 
degree. It is likely, therefore, that the equilibrium 
sulphur values obtained were somewhat too low in 
those tests in which the aluminum contents were 
high. Thus, in test E-63 with 2.33 pct aluminum in 
the metal, the sulphur content at equilibrium was 
12 pet lower than in test E-73, which was run at 
the same carbon content but with only 0.30 pct 
aluminum in the metal. Test E-63, however, was the 
only experiment run at such a high aluminum con- 
tent, and the effect of aluminum contamination in 
the other tests should be much smaller. 


Table I. Experimental Results 


Hos Initial Sulphur at 
C.H., and CS:. Temp Time, c x 103 Carbon, Aluminum, | sulphur, equilibrium, 
Calculations show Test No.|Crucible| °C ite Ho pet pet pet pet 
that the formation of 
CH, and C,H, would B-47 | AlsOs 1600 71 2.44 1.70 ae 0.75 0.59 
isi E-50 | Also: 1600 7.3 2.42 2.75 : 3 
have a_ negligible E52 | AlsOs 1600 71 2.43 0.01 0.14 0.95 0.97 
effect on the H.S : H, E-58 | AlOs | 1600 5.1 2.46 2.82 0.62 0.35 0.41 
a : BE-59 | AloOs 1600 5.7 2.49 0.98 0.42 0.60 0.73 
ratio in the gas mix- --§-61 | AlO; | 1600 7.2 2.52 1.97 0.76 0.48 0.55 
i 10 1600 41 2.55 3.84 y : j 
ee ee of see rece 1600 44 2.59 5.24 saturated* 2.33 0.20 0.14 
CS. formation is E-73 | graph. | 1600 7.3 2.63 5.30 saturated 0.30 0.00 0.16 
: : E-74 | AlsOs 1600 1.5 4.93 2.20 0.95 1.10 
greater, “but ~ still £75 | AlO; |. 1600 7.0 5.09 0.01 0.17 1.90 2.15 
small at the tem- E-76 | graph. 1600 7.2. an 5.32 saturated 0.37 0.00 0.31 
B-77 | AsO 1600 7.0 : ; f i 
peratures and HS E78. | graph. | 1600 47 7.52 5.30 saturated 0.30 0.25 0.48 
concentrations used E-65 | AloOs; | 1415 6.8 2.62 4.17 0.16 0.38 0.29 
i IE = O 1415 7.6 2.67 2. i : 
pot ot the Stk See ea Set 1415 7.2 2.64 4.83 saturated 0.05 0.10 0.21 
ments. The majority we ee 
of the tests were run E-68 Al2Oz 1210 7.0 2.65 4.10 : ; 
at 1600°C or below E-91 | graph. | 1200 6.7 2.45 4.35 saturated 0.02 0.14 0.27 
and at an HS : H: E-93 | graph. | 1800 6.0 2.51 5.90 saturated 0.22 0.00 0.11 


ratio in the neigh- 


borhood of 0.00255. 


x Run in alumina crucible with excess of graphite floating on surface of melt. 
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Fig. 2—Variation in equilibrium sulphur content of metal with carbon 
content, temperature, and H,S-H, ratio. 
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Fig. 3—Effect of carbon content and silicon content on activity coefficient 
of sulphur in iron at 1600°C. 


Concentration expressed in weight percent. 


melt was the same, regardless 
of the direction of approach. 

In a number of the experi- 
ments, the initial and final sul- _ 
phur concentrations were far 
enough apart to permit study of 
the reaction rates. Analysis of 
the data indicated that the rate 
of reaction was very rapid, and 
that virtually all of the Hs 
available reacted with the melt; 
that is, at any given time the 
H.S concentration of the out- 
going gas was very near to 
equilibrium with the metal. 
Therefore, the rate of change of 
percent sulphur in a melt at 
any time depended only on the 
rate of H.S input, weight of the 
melt, and distance to final 
equilibrium. 

The experimental results are 
shown graphically in fig. 2 as a 
plot of the percentage of sul- 
phur in the metal at equili- 
brium versus the carbon con- 
tent for several gas composi- 
tions and temperatures. For the 
purpose of plotting, the results 
of tests run at H.S : H, ratios 
between 0.00242 and 0.00267 
have been recalculated to a 
basis of 0.00255 by assuming a 
linear relationship between H.S 
concentration in the gas and 
sulphur content of the melt. 
Also, the results of test E-74 
have been extrapolated to the 
higher gas ratio used in tests 
E-75, E-76 and E-77. 

The curves in fig. 2 show that 
at constant gas composition and 
temperature, the sulphur con- 
tent of the melt at equilibrium 
falls rapidly with increasing 
carbon content. The effect of 
temperature at a gas ratio of 
0.00255 is shown by the lower . 
group of curves. In the high- 
carbon range, the actual change 
in percentage of sulphur with 
change in temperature at a con- 
stant carbon content is small. 
Of more practical importance is 
the effect of temperature at 
carbon saturation. In this case 
the change in percentage of sul- 
phur with change in tempera- 
ture is greater because of the 
combined effect of temperature 
on sulphur activity and carbon 
solubility. 


The last two columns in the table give the initial The relation between carbon content and activity 
and equilibrium sulphur contents of the melts and coefficient of sulphur in dilute solutions of sulphur 
show the direction of approach to equilibrium. In in iron at 1600°C is shown in fig. 3 and 4. The points 
the paper on the effect of silicon on sulphur activity’ - on the curves were calculated from the results of 
it was shown that the final sulphur content of the experiments E-52, E-58, E-59, E-61, E-62, and E-73, 
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using the following relations: 


S (in liquid metal) + H, (gas) = H.S (gas) 


andd, = y. X pet S, 


where a, and y, are the activity and activity co- 
efficient of sulphur, respectively. The standard 
reference state for sulphur was taken to be a 1 pct 
solution of sulphur in pure iron, making K equal to 
0.00251, according to the results of test E-52. This 
value for K agrees closely with that found in the 
earlier work on the effect of silicon* and also checks 
well with the results of a recent investigation by 
Sherman, Elvander, and Chipman’®, who used a 
technique quite different from that used in our 
work. 

The values for y, calculated in this manner apply 
only to dilute solutions of sulphur where the 
activity coefficient is approximately constant. In 
both pure iron and iron-carbon alloys, y, tends to 
decrease as the sulphur content increases. In pure 
iron this decrease becomes appreciable above 1 pct 
sulphur.’ In iron saturated with carbon, the results 
of experiments E-73, E-76, and E-78 shown in fig. 6 
indicate that y, is approximately constant up to 0.48 
pet sulphur, which is the highest concentration 
studied. 

For comparison with the effect of silicon, the rela- 
tion between silicon content and activity coefficient 
of sulphur’ is also shown in fig. 3 and 4. On a weight 
percent basis, carbon has a much greater effect 
than silicon. However, when the concentration of 
alloying element is expressed in mol fraction, the 
effect of silicon is greater than that of carbon. 

One experiment of an exploratory nature was run 


at 1600°C to determine the effect of carbon and 


silicon when present together in the melt. In this 
test the addition of 1.40 pct silicon to a melt con- 
taining 4.0 pct carbon increased the activity co- 


efficient of sulphur from 3.75 to 5.08. This increase 
is about the same as would have resulted from add- 
ing 1.4 pct silicon to an iron-silicon melt in which y, 
was initially 3.75, that is, adding 1.4 pct silicon to 
iron containing 7.15 pct silicon. 

In fig. 5, a plot of log K against 1/T is shown for 
the reaction: 


S (in liquid Fe containing 4.35 pet C) + 
H, (gas) = H.S (gas) 


PH.s 
Py, pets 


At 4.35 pct carbon in the metal, values of K at three 
temperatures can be calculated from the data in 
fig. 2. In drawing the straight line through the 
points, more weight was given to the determinations 
at 1200° and 1415°C than at 1600°C because errors 
due to CS, formation and aluminum contamination 
are smaller at the lower temperatures. Corrections 
for these two errors should bring the point at 1600°C 


16 = 


TEMPERATURE, °C. 
1,400 


RECIPROCAL OF ABSOLUTE TEMPERATURE, 104 il 


Fig. 5—Equilibrium between hydrogen, hy- 
drogen sulphide, and sulphur dissolved in 
liquid iron containing 4.35 pct carbon. 
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Fig. 6—Comparison of results of present 
work with those of Kitchener, Bockris, 
and Liberman for the activity of sulphur 
in iron saturated with carbon. 


more into line with the other two. The straight line 
may be represented by the equation: 


450 
= — ——__— — ].74 
log K 7 7 


From this equation we obtain the free-energy 
change of the reaction: 


AF° = 2,060 + 7.96 T 


The free energy of formation of H.S is given by 
the following. equation®: 


1/2 S. (gas) = H, (gas) = HS (gas), 
AF°® = —21,820 + 11.92 T. 


Combining this free-energy equation with the 
previous one, we get the free energy of solution of 
sulphur in the liquid alloy: 


1/2 S. (gas) = S (in liquid Fe containing 4.35 pct C), 
AF° == —23,880 + 3.96 T. 


A comparison between the results of this inves- 
tigation and those of Kitchener, Bockris, and Liber- 
man’ for the activity of sulphur in iron saturated 
with carbon is given in fig. 6. The experimental data 
for the present work were taken from tests E-73, 
E-76, and E-78. The wide spread in the results of 
Kitchener, Bockris, and Liberman indicates that 
some of their work was subject to large experi- 
mental errors. Their results seem to fall into two 
groups. The group of nine points at the left agrees 
better with the results of this investigation, but the 


difference in the two curves is still rather large. The 
difference of 30°C in temperature between the two 
sets of data would account for only a small part of 


the discrepancy. 
Conclusions 


The experimental data have shown that carbon 
has a decided influence on the activity of sulphur 
in dilute solutions of sulphur in liquid iron. At a 
given percentage of sulphur in the metal, the activity 
of sulphur is greater the higher the carbon content. 
Between zero carbon and carbon saturation the in- 
crease in sulphur activity is more than sixfold at 
1600°C. This fact indicates that in slag-metal rela- 
tionships and in other reactions involving sulphur in 
liquid iron, the alloy content of the metal is a very 
important factor. For example, the greater efficiency 
of desulphurization in the blast furnace as compared 
to that in the open hearth is due in considerable 
part to the higher level of sulphur activity in blast- 
furnace metal as a result of the higher carbon and 
silicon contents. 

The activity of sulphur dissolved in a liquid iron- 
carbon alloy increases with a rise in temperature. 
The temperature effect is rather small, however, 
except at carbon saturation, where a rise in tem- 
perature is accompanied by an increase in the car- 
bon content of the metal and by a rise in sulphur 
activity resulting from the carbon increase. This 
indirect effect of temperature on sulphur activity 
may be largely responsible for the relationship that 
exists in the blast furnace between temperature and 
sulphur content of the metal. With a rise in tem- 
perature, the carbon plus silicon content of the 
metal increases causing a corresponding increase in 
the activity coefficient of sulphur and a greater 
tendency for the sulphur to pass into the slag. 
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The Vapor Pressure and Thermodynamic Activities of 


Zinc in Solid Alpha Brasses 


by A. W. Herbenar, C. A. Siebert, and O. S. Duffendack 


The vapor pressures of zinc over solid alpha brasses were determined for six alloys 
ranging in composition from approximately 5 to 30 pct zinc. The absorption spectra 
method was utilized for obtaining the vapor pressure data. Activities and activity 

coefficients are given for zinc for the six alloys investigated. 


JN metallurgical problems involving the study of 

equilibrium in binary systems, the existence of 
an additional vapor phase, due to the presence of a 
volatile component in the alloy, has often been 
neglected. This is well indicated by the modified 
form of the phase rule, usually accepted in con- 
densed systems in which pressure is not considered 
as a degree of freedom. In many cases the vapor 
pressure of the volatile component is exceedingly 
small and for all purposes can be considered negli- 
gible, in which case this form of the phase rule is 
applicable. However, alloys containing Hg, Cd, Zn, 
or Mg, tend to show very marked equilibrium vapor 
pressure, even in the solid state, and therefore 
present cases where the modified form of the phase 
rule no longer holds true. 

A quantitative determination of the vapor pres- 
sure of zinc in alpha brasses is not only of practical 
interest because of. the loss of zine in the processing 
of these alloys, but also of theoretical interest in 
that such measurements provide a means of apply- 
ing the principles of theoretical physics and physi- 
cal chemistry to problems of applied metallurgy. 

A number of investigators have reported vapor 
pressure measurements of zinc in alpha brasses. 
Hargreaves’ made extensive measurements which 
were used by Birchenall and Mehl’ and Guttman’ 
for the determination of activity coefficients of zinc 
in alpha brasses. Hargreaves’ used a differentially 
heated quartz tube and measured the condensation 
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temperature at one end corresponding to the tem- 
perature of the heated brass at the other end. 

Birchenall and Cheng outlined the condensation 
method of obtaining vapor pressure of zinc and Cd 
over some of their silver alloys.* ; 

The primary object of the present investigation 
was to increase the range and accuracy of the vapor 
pressure data for the alpha brasses. 


Preparation of Alloys: Six alloys were prepared 
from Bunkerhill zinc and O.F.H.C. copper, both of 
99.99 pct purity. The cast ingots were annealed for 
24 hr at 550°C, scalped, cold rolled 40 pct and an- 
nealed for 50 hr at 550°C. The annealed bars were 
then surface ground and degasified for 30 min at 
approximately 550°C in an induction heated vacuum 
furnace. The surface of the bars was removed be- 
fore milling the bars into relatively fine chips for 
chemical analysis and samples for the equilibrium 
cell. The analyses of the six alloys are given in 
table I. 

Experimental Method: The vapor pressure of zinc 
over the various alloys at a number of temperatures 
was determined from absorption spectra data. The 
spark source was produced by means of a high ten- 
sion discharge between two electrodes of pure zinc. 
The design of the absorption vessel is shown in fig. 
1. The vessel was constructed of transparent quartz 
which transmits the whole of the visible spectrum 
and the ultraviolet down to a wave length of 2000 
A. The thickness of the vapor space was set at 0.8 
mm so as to permit a relatively wide range of 
measurements without altering the vapor space, and 
thereby necessitating recalibration of the vessel. 
The furnace used for heating the absorption vessel 
consisted of a split wound furnace as shown in fig. 


’ 2. The spectrograph used in obtaining the trans- 


mitted zine spectra was a double prism type espe- 
cially designed for a region of 2500-3500 A. A step 
diaphragm used in conjunction with a tungsten fila- 
ment provided the necessary intensity patterns re- 
quired for calibration of the photographic plates. 
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Table I. Analyses of Alloys 


Alloy Pet Cu Pet Zn 
A 94.65 5.35 
B 88.95 11.05 
(e 83.82 16.18 
D 80.01 19.99 
E 75.97 24.03 
F 71.05 28.95 


This pattern was photographed on each plate in 
addition to the zinc spectra. The line densities were 
measured with a Moll type microphotometer. Fig. 3 
shows the experimental setup, where A is the spark 
source, B is the furnace with the absorption vessel 
enclosed, and C is the spectrograph. 

The absorption vessel was calibrated using pure 
zinc and the 3035 A and 3076 A resonance lines of 
the zinc spectrum. The 3035A line showed no ten- 
dency for absorption and was used as an internal 
standard. The vapor pressure data for liquid zinc 
were taken from Overstreet’s spectroscopically de- 
termined free energy values for zinc vapor. The 
equation used for determining the vapor pressure 
of saturated zinc vapor at any desired temperature 
was: 


—15,540 


T — 3.04 log T —0.138x10~ 


T +29.38 (pinmm) [1] 


Inga = 


Results: The line density data for pure zinc, and 
the step bands corresponding to a given photo- 
graphic plate are given in table II in terms of 
galvanometer deflections recorded by the micro- 
photometer. The plate calibration was obtained by 
plotting the density of the step bands against the 
values 0., 1.40, 2.03, 3.38, and 5.21 corresponding to 
a logarithmic (base 1.5) variation of the steps on 
the calibrating diaphragm. The values of the loga- 
rithms of the relative intensities of the pairs of 
spectral lines were obtained by applying their 
measured densities to the calibration curve for any 
corresponding plate. The last column of table II 
shows these values as obtained from the calibration 
curve. The line intensity ratios, and vapor pressures 
calculated from the vapor pressure equation, for a 
given temperature are shown in table III. 

The absorption law may be represented by the 
following equation: 


when K = absorption coefficient 

== pressure 

== absolute temperature 

= thickness of absorbing space 


Qs 


A plot of log intensity ratio vs. = should result in 


a straight line relationship if Beer’s absorption law 
is valid for this case. A plot of the data of table III 
as shown in fig. 4 demonstrates a linear relationship 
for the calibration curve. 

The vapor pressure data for the solid alloys were 
obtained in much the same manner as were the cali- 
bration data. This consisted in photographing the 
spectrum at a series of temperatures for each alloy, 
measuring the density of the lines on a calibrated 


Table II. Line-Density Data for Zinc 


Is076 
log 
Plate TOC No. Dso7s | Dsoze | Da035 | Daoss Tacs 
1 453 1 46.70 | 46.70 | 46.75 | 46.75 0.04 
1 453 2 46.80 | 46.85 | 46.90 | 46.90 0.06 
2 481 1 45.85 | 45.80 | 45.90 | 45.90 0.06 
2 481 2 45.75 | 45.80 | 45.85 | 45.85 0.07 
2 513 3 45.95 | 45.95 | 46.10 | 46.15 0.13 
2 513 4 46.15 | 46.15 | 46.30 | 46.40 0.15 
2 542 5 46.30 | 46.30 | 46.65 | 46.65 0.26 
2 542 6 46.35 | 46.40 | 46.70 | 46.75 0.26 
3 576 1 44.70 | 44.70 | 45.40 | 45.40 0.50 
3 576 2 44.75 | 44.75 | 45.50 | 45.45 0.51 
3 607 ss] 44.95 | 45.00 | 46.20 | 46.25 0.80 
3 607 4 44.85 | 44.85 | 46.10 | 46.10 0.89 
3 639 BS 44.10 | 44.20 | 46.25 | 46.30 1.53 
3 639 6 44.20 | 44.25 | 46.30 | 46.40 1.52 
4 667 il 42.80 42.85 | 46.10 | 46.10 2.36 
4 667 2 43.10 | 43.10 | 46.35 | 46.40 2.34 
4 699 2 46.25 | 46.25 
4 699 + 46.30 46.30 
4 730 5 46.80 | 46.80 
4 730 6 46.75 | 46.75 
5 745 1 45.85 | 45.80 
5 745 2 45.70 | 45.70 
6 709 1 45.95 | 45.95 
6 709 2 46.10 | 46.10 
6 681 3 41.45 41.45 | 45.50 | 45.55 2.93 
6 681 4 41.65 41.60 | 45.70 45.70 2.93 
6 652 5 43.10 43.15 | 45.75 | 45.75 1.88 
6 652 6 43.10 | 43.10 | 45.75 | 45.75 1.86 
7 620 1 43.95 | 44.00 | 45.40 | 45.40 1.12 
Wh 620 2 43.90 | 43.85 | 45.30 | 45.30 112 
if 590 3 45.55 | 43.50 | 46.35 | 46.40 0.65 
7 590 4 45.25 45.25 | 46.10 | 46.10 0.65 
7 559 eS 46.30 46.35 | 46.80 46.80 0.36 
ve 559 6 46.25 46.25 | 46.75 | 46.70 0.37 
8 524 iT 44.60 44.65 | 44.85 44.90 0.18 
8 524 2 44.70 44.75 | 44.95 | 44.95 0.17 
8 492 3 46.25 | 46.20 | 46.30 | 46.35 0.09 
8 463 4 46.60 | 46.65 | 46.70 | 46.70 0.08 
8 463 5 46.25 | 46.25 | 46.30 | 46.30 0.05 
8 463 6 46.45 | 46.45 | 46.50 | 46.50 0.05 
9 444 al 44.25 | 44.20 | 44.25 | 44.30 0.04 
9 444 2 44.40 44.45 | 44.40 44.40 0.06 
Step Bands 
Plate 1 40.00 41.30 | 42.05 | 43.80 | 45.00 46.20 
Plate 2 39.90 41.20 | 42.05 | 43.85 | 45.05 46.30 
Plate 3 38.00 41.15 | 42.05 | 43.90 45.20. 46.50 
Plate 4 39.80 41.20 | 42.05 | 43.95 45.20 46.50 
Plate 5 39.90 41.25 | 42.10 | 43.95 | 45.15 46.45 
Plate 6 39.80 41.15 | 41.90 | 43.75 | 45.00 46.30 
Plate 7 39.90 41.20 | 42.00 | 43.70 | 44.85 46.05 
Plate 8 39.90 | 41.90 41.95 | 43.75 | 44.95 46.20 
Plate 9 39.80 41.10 | 41.95 | 43.75 | 44.95 46.20 


Table III. Summarized Vapor Pressure Data for 
Liquid Zinc 
ES a ee 


T3076 Pmm 
(av) log === 
Tg Tox. Tso35 In Pram Pmm T°’K 
453 726 0.050 —0.86 0.42 
481 754 0.065 —0.18 0.88 0.00117 
ots: 786 0.140 0.62 1.86 0.00237 
542 815 0.260 1.26 3.53 0.00433 
576 849 0.505. 1.95 7.05 0.00831 
607 880 0.895 2.55 12.80 0.01455 
639 912 1.525 Sokd 22.50 0.02468 
667 940 2.350 3.58 35.90 0.03820 
699 972 4.09 60.00 0.06174 
730 1003 4,54 94.10 0.09372 
745 1018 4.76 117.00 0.11489 
709 982 4.37 79.50 0.08014 
681 954 2.930 3.81 45.30 0.04747 
652 925 1.870 3.34 28.25 0.03054 
620 893 1.120 2.79 16.23 0.01820 
590 863 ‘OLG50, "> 2.23 9.30 0.01078 
559 832 0.365 1.61 5.00 0.00602 
524 797 0.175 0.87 2.39 0.00299 
492 765 0.085 0.13 1.14 0.00149 
463 736 0.050 —0.60 0:55 0.00075 
444 727 0.050 —0.84 0.43 0.00058 


$m 
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_ Fig. 1—Transparent quartz absorption vessel. 
SECTION AA 


plate, and finally obtaining the log intensity ratios 
from the calibration curve. Values of p/T corre- Fig. 2—Heating furnace. 
sponding to the log intensity ratio at a definite tem- 
perature were obtained from the absorption curve. 
Since the temperature is known, the pressure which Table VII. Suge er Neneh Pressure Data 
represents the equilibrium vapor pressure of zinc in peeetangt! 
the solid alloy can be cnet : WD ra ena ehS Nc 3 

The summarized vapor pressure data for the six 


Iz076 1 Pmm 
(av) log x 104 
We To To IL 5 oR Ore =e 
: Table IV. Summarized Vapor Pressure Data 2 rae ae TK Tox | Pom | In Pos 
for Alloy A ° ” | 
3 976 0.100 | 10.24 0.00175 | 1.71 | 0.54 
(94.65 pet Cu 5.35 pet Zn) 749 | 1022 | 0.235 | 9.78 0.00395 | 4.04 | 1.40 
‘ 793 | 1066 0.455 | 9.38 0.00750 | 8.00 | 2.08 
811 | 1084 0.600 9.22 0.00980 | 10.63 | 2.36 
p Reoreneee Prom 848 | 1116 0.950 8.96 0.01545 | 17.24 | 2.85 
| (av) log x 10¢ be plek gs9 | 1162 1.690 8.60 0.02725 | 31.69 | 3.46 
To | Tox Izoss | Tox | Tox inPen 929 | 1202 2.800 8.32 0.04540 | 54.57 | 4.00 
| 903 | 1176 2.045 8.50 0.03330 | 39.18 | 3.67 
| | 865 | 1138 1.265 8.79 0.02050 | 23.32 | 3.15 
815 1088 0.080 9.19 0.00145 1.58 0.4 822 1095 0.705 9.13 0.01150 | 12.60 2.53 
858 1131 O.185 Baath woosse! 317 ae 764 | 1037 0.290 9.69 0.00480 | 4.98 | 1.61 
902 1175 0.310 8.51 0.00515 6.05 1.80 723 996 0.145 10.04 0.00245 2.44 0.89 
952 | 1225 0.595 8.16 0.00965 | 11.83] 2.47 
970 | 1243 0.700 8.05 0.01140 | 14.16] 2.65 
928--| 1201 0.445 8.33 0.00725 | 8.70] 2.16 : 
878 1151 0.220 369 0.00370 |) 426 145 Table VIII. Summarized Vapor Pressure Data 
823 1096 0.095 9.12 0.00165 1.81 0.59 for Alloy E 
(75.97 pet Cu 24.03 pet Zn) 
, 4 
Table V. Summarized Vapor Pressure Data | Lake | 1 eo gor ae 
for Alloy B (av) log x 104 | 
Tg T% Ts035 TK T°K Pnm | InP 
(88.95 pet Cu 11.05 pet Zn) | aS 1 
646 | 919 0.110 10.37 0.00195 | 1.88 | 0.63 
Tne 1 pee 689 962 0.350 9.74 0.00575 | 5.90 | 1.78 
aw) lor x 10! 753 | 1026 0.705 9.34 0.01155 | 12.37 | 2.51 
To Tog Los |) tee To P InP 797 | 1070 | 1.345 | 8.96 0.02185 | 24.39 | 3.19 
oe S " fe 3 % gee aa 843 | 1116) 2540 | 858 | 0.04120 | 48.00 | 3.87 
“a | —_— | 933 | 1206 | 2.930 8.49 0.04750 | 55.95 | 4.02 
904 | 1177 1.940 | 8.74 0.03165 | 36.21 | 3.59 
eee eo), | 1082 oe ied Bree ai (Eg ey Maal ob 871 | 1144 0.985 | 9.16 | 0.01600 | 17.47 | 2.86 
796 1069 0.170 9.35 0.00285 | 3.05| 1.12 Sie ee oe | amen ppmertnd te astiiry a ake 
ea 844 1117 0.360 8.95 0.00595 | 6.65| 1.89 oan 104 0.195 Ree cong to npg eaetts tain aaa 
889 | 1162 0.655 | 8.60 0.00105 | 12.44| 2.54 Si is non ee OMe arb ey: 
925 | 1198 1.035 | 8.35 0.00170 | 20.12] 3.00 7 070 | 0.56 : : . 
- 950 | 1223 1.335 eaeelts 0.02165 | 26.47| 3.28 | 
g94 | 1167 0.695 8.57 0.01130 | 13.19) 2.58 ; 
865 1138 0.475 8.79 0.00780 | 8.87] 2.18 Table IX. Summarized Vapor Pressure Data 
822 1095 0.250 9.13 0.00415 | 4.55) 1.51 for Alloy F 
786 1059 0.145 9.44 0.00245 2.60 0.96 0. oy 
(71.05 pet Cu 28.95 pet Zn) 
ag Table VI. Summarized Vapor Pressure Data Ca ar i ie 
‘s : for Alloy C T° TK Iz035 | Tx T°. Pmm | In Pmm 
2 (83.82 pet Cu 16.18 pet Zn) 
642 915 0.070 10.93 0.00125 | 1.14 | 0.13 
687 960 0.175 10.42 0.00295 | 2.83 | 1.04 
Isore | 1 Pmm 714 987 0.320 10.13 0.00530 | 5.23 | 1.65 
(av) log x 104 752 | 1025 0.535 9.75 0.00875 | 8.97 | 2.19 
To | Toc Isoss | TOK TK Pmm | nm Pmm 783 1056 0.855 9.47 0.01395:) 14.73 2.69 
809 | 1082 1.265 9.24 0.02050 | 22.19 | 3.10 
2 858 | 1131 2.440 8.84 0.03960 | 44.78 | 3.80 
“ 702 975 0.065 10.25 0.00120 | 1.17 | 0.16 871 1144 2.915 8.74 0.04730 | 54.12 | 4.06 
748 | 1021 0.155 9.79 0.00260 | 2.66 | 0.98 823 | 1096 1.555 9.13 0.02510 | 27.50 | 3.31 
789 1062 0.300 9.41 0.00500 | 5.31 | 1.67 797 | 1070 1.080 9.34 0.01750 | 18.74 | 2.93 
830 1103 0.555 9.07 0.00905 | 9.98 | 2.30 768 | 1041 0.685 | 9.61 0.01115 | 11.60 | 2.45 
- g7g (| 1151 1.080. 8.69 0.01750 | 20.14 | 3.00 727 | 1000 0.350 10.00 0.00515 | 5.75 | 1.75 
Me 922 | 1195 1.855 8.37 0.03025 | 36.14 | 3.56 670 943 0.125 10.61 0.00215 | 2.03 | 0.71 
f 943 | 1216 2.410 8.22 0.03910 | 47.51 | 3.86 
909 | 1182 1.605 8.46 0.02595 | 30.67 3.42 
ape ane ince 8:30 0.00605 aed 1.87 alloys investigated, including the log intensity 
759 | 1032 0.185 ee Aes a0 ae ratios, values of p/T, and the calculated vapor pres- 
‘li ee ee : : ; ; sures are given in tables IV through IX. 
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Table X. Activities and Activity Coefficients of Zinc in 
Alpha Brasses (with respect to Liquid Zinc) 


Alloy 


T°C A B Cc D E F 
650 a 0.0417 
ay 0.1468 
675 0.0311 0.0511 
0.1323 0.1801 
700 0.0167 0.0227 | 0.0356 0.0538 
0.1053 0.1164 | 0.1514 0.1895 
: By ; a 725 0.0179 | 0.0263 | 0.0395 0.0584 
Fig. 3—Experimental setup. 0.1130 0.1348 0.1678 0.2058 
A—spark source. B—furnace with ep Lies vessel enclosed. 750 0.0119 0.0198 0.0299 0.0425 0.0642 
C—spectrograph. 0.1108 | 0.1250 | 0.1528 | 0.1809 0.2261 
Activities and Activity Coefficients: The activities 175 0.0121 | 0.0227 0.0332 | 0.0468 0.0697 
ia, 3 : : ; 0.1118 | 0.1434 | 0.1702 | 0.1988 0.2457 
and activity coefficients for zinc in the six alloys 
: : ; ; Bares 800 | 0.00431 | 0.0131 | 0.0251 0.0349 | 0.0502 0.0761 
studied are given in table X, employing pure liquid 0.0828 | 0.1219 | 0.1585 | 0.1787 | 0.2134 | 0.2681 
zine as the reference state. These values differ some- Sasa oaeen oo beak ee ae Peale ve 
what from those shown by Birchenall and Mehl’ 0.1034 | 0.1337 | 0.1719 | 0.2010 | 0.2445 | 0.2917 
due to a difference EE AEE OE Ope CESSES values re- 850 | 0.00633 | 0.0160 | 0.0291 | 0.0422 | 0.0583 0.0889 
ported in this investigation and those of Hargreaves 0.1216 0.1484 | 0.1839 0.2162 | 0.2480 0.3132 
used by Birchenall and Mehl for their calculations. 375 | 0.00695 | 0.0175 | 0.0324 | 0.0447 | 0.0641 0.0958 
0.1334 | 0.1620 | 0.2045 | 0.2287 | 0.2724 0.3374 
Summary 
900 | 0.00762 | 0.0188 | 0.0353 0.0490 | 0.0686 
1. Data are presented of the vapor pressure of 0.1463 | 0.1740 | 0.2229 | 0.2510 | 0.2918 
zine over solid alpha brasses of six compositions. 925 | 0.00854 | 0.0202'| 0.0386 | 0.0525 
2. The absorption spectra method was utilized for 0.1639 | 0.1876 | 0.2437 | 0.2687 
obtaining the vapor pressure data. 950 | 0.00930 | 0.0214 
3. Activities and activity coefficients for zinc in REIS on) ONSET 
alpha brasses were calculated for the six alloys in- eo caee 
vestigated. : 
References 
*R. Hargreaves: Inst. of Metals (1939) 64, 115. *L. Guttman: Trans. AIME (1948) 175, 178. 
°C. E. Birchenall and R. F. Mehl: Trans. AIME *C. E. Birchenall and C. H. Cheng: Trans. AIME 
(1947) 171, 143. Metals Tech., June 1947. (1949) 185, 428. Jnl. of Metals, July, 1949. 


Zz 


a ) 004 006 008 O10 002 004 006 .008 02 002 004 006 
2) .03 002 004 006 008 04 002 004 006 008 05 002 004 006 


M T°oK 


Fig. 4—Calibration curve for absorption vessel. 
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The Thermoelastic Effect 


Iron and Nickel as a Function of Temperature 


by Roberto Rocca and M. B. Bever 


The adiabatic thermoelastic temperature change was determined 
as a function of temperature and stress in nickel and Armco iron. 
The results are in agreement with an equation first derived by Lord 
Kelvin. Near the Curie temperature the thermoelastic effect 
changes appreciably. Calculations confirm that the thermal expan- 
sion coefficient of iron decreases in the vicinity of the Curie tem- 

perature as predicted by the theory of ferromagnetism. 


HE adiabatic elastic deformation of a body is 
accompanied by a change in temperature. This 


phenomenon is known as the thermoelastic effect. . 


Under adiabatic conditions the temperature of a 
metal bar is decreased by an elastic elongation and 
is increased by-an elastic compression.’ All materials 
which elongate on heating behave in this manner. 
The sign of the thermoelastic temperature change 
is reversed for the few materials which have a 
negative coefficient of thermal expansion. 

The following equation for the thermoelastic 
effect can be derived from fundamental thermody- 
namic theorems, as shown in the Appendix: 


ay 
7 
o 


oi aD dos [1] 
In this equation, T is the absolute temperature, S is 
the entropy, a, is the coefficient of linear thermal 
expansion, Cc,’ is the heat capacity per unit volume 
at constant stress and o is the stress (positive in 
tension). Eq 1 can be applied to small, but finite 
changes in stress in the following form: 


ay 


ATs T Acs [2] 


iA 
o 


The sign of the temperature change AT is opposite 
to that of the change in stress Ao for materials which 
have a positive coefficient of thermal expansion. 
Eq 2 has been verified for many different mate- 
rials and stresses at room temperature. No previous 
publication appears to have been devoted to an in- 


vestigation of the thermoelastic effect over a range 
of temperatures. 


Review of Literature 


Lord Kelvin (W. Thomson) presented a general 
theory of the thermoelastic effect in 1851* and later 
applied it to a solid, subject to an arbitrary system 
of stresses’. His analysis was based on a cycle of 
isothermal and constant-strain transformations and 
led to Eq 2 above. Even today, one of the clearest 
expositions of the thermoelastic effect is found in 
Lord Kelvin’s article on elasticity in the Ninth Edi- 
tion of the Encyclopedia Britannica (1878). 
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uled for publication Nov. 1950. Manuscript received 
Oct. 15, 1949. 


Gibbs® analyzed the general equilibrium condi- 
tions for strained elastic solids. His treatment. em- 
phasized the role of energy and entropy in thermo- 
elastic phenomena. 

Even before the development of the theory, 
Weber‘ (1830) observed the thermoelastic effect in 
solids. He noted that a change in the stress applied 
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to a wire was followed by a transitory period during 
which the vibrational frequency of the wire dif- 
fered from the frequency characteristic of the new 
stress. Weber reasoned that the transient change in 
acoustical pitch was produced by a thermal effect. 
He attempted to calculate the magnitude of this 
effect from the observed changes in vibrational fre- 
quency. 

Lord Kelvin’s formula was first verified by 
Joule’ ° (1857-59) who employed a variety of mate- 
rials, including iron, wood and rubber. Joule used 
various thermocouples, but did not establish the 
correlation between galvanometer deflections and 
temperature changes with absolute accuracy. The 
deviation of the observed from the calculated values 
of the thermoelastic effect was +8 pct. 

Edlund’ (1861) experimented with wires of vari- 
ous metals, employing crystals of antimony and 
bismuth as a thermocouple, but only correlated 
galvanometer deflections with changes in load. Ap- 
parently unaware of Lord Kelvin’s papers, Edlund 
based the analysis of his results on Clausius’ princi- 
ple of the equivalence of heat and work. In 1865 
Edlund* published further experiments in an at- 
tempt to confirm Lord Kelvin’s formula, but the 
observed temperature changes amounted to about 
half of the theoretical values. Edlund considered 
that the balance was accounted for by “internal 
work’. Various attempts by others’ ** to explain 
this discrepancy were unsuccessful. 
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Fig. 1—Schematic diagram of apparatus. 


Haga” (1882) measured the coefficient of thermal 
expansion and the heat capacities of the materials 
used in his thermoelastic experiments. The dif- 
ference between observed and calculated values 
amounted to about 2.5 pct for steel and 0.25 pct for 
nickel-silver wire. 

Wassmuth”, * (1888 and later) attached six 
thermocouples connected in series to six equally 
loaded samples in order to obtain increased sensi- 
tivity. He also measured the thermoelastic effect 
in torsion or bending’ * and determined the tem- 
perature dependence of Young’s modulus and of the 


torsional modulus by thermoelastic measure- 
ments”, ». : 
Turner” (1902) attempted to use the thermo- 


elastic effect for the determination of stresses in 
large-scale elements of engineering structures. He 
showed that this effect can serve as a criterion for 
limiting the elastic range. Coker” and Coker and 
McKergow™ (1904) explored the applicability of 
the thermoelastic effect to engineering measure- 
ments and to the determination of the yield point. 
Coker” analyzed the distribution of stresses in the 
cross-section of a loaded beam in this manner. 
Rasch” (1908) used the thermoelastic effect with 
fair success to determine the yield point of metals. 

Compton and Webster™ (1915) devised a tempera- 
ture-measuring system many times more sensitive 
than a thermocouple by determining the change in 
electrical resistance of a wire specimen. Their in- 
vestigation verified Lord Kelvin’s formula with an 
average accuracy of 0.07 pct. 

In recent years the study of the thermoelastic 
effect has been confined mainly to rubber. In the 
field of metals, Tammann and Warrentrup™ (1937) 
thoroughly investigated the temperature changes 
associated with elastic and plastic deformation. 
They observed that in low-carbon steels Lord Kel- 
vin’s formula was followed up to the yield point, 
where a sharp reversal in the direction of the 
temperature change indicated the occurrence of 
plastic deformation. For unannealed copper and 
nickel the reversal was more gradual, so that no 
yield point could be assigned to them. 

The thermoelastic effect is now recognized as an 
important factor in the phenomenon of internal 
friction in polycrystalline materials. The pertinent 
theory was developed by Zener”. Temperature 
changes have been observed during loading of 
specimens in high-temperature creep tests”. 


Experimental Procedure 


The apparatus used in the experiments reported 
here is shown schematically in fig. 1. The specimen 
S was a tensile test specimen measuring between 
grips 1 in. (nickel) or 1% in. (iron); the diameter 
was 0.250 in. (nickel) or 0.245 in. (iron). The 
specimen was fastened to the frame F through the 
rod R and its upper end was connected to a lever 
BC by means of which various loads could be ap- 
plied. The connection AB between the specimen 
and the lever was made by a system of links, de- 
tails of which are included in fig. 1. These links, 


together with the fact that the distance AB from 


the specimen to the lever was 2% ft, permitted the 
specimen to align itself so that the state of stress 
approached pure tension. The lever had its fulcrum 
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Fig. 2—Typical record of loading and unloading 
cycle. 


at the knife edge K, resulting in a lever ratio of ten 
to one. 

The-lead consisting of the hanger H and the 
weights W could be raised or lowered by means of 
a hydraulically operated platform P, whereby the 
hanger was engaged and disengaged at the point L. 
The center of gravity of the connecting system AB 
and lever BC was to the right of the knife-edge K. 
The specimen was under slight tension even when 
the load was not applied. 


The specimen, surrounded by a sleeve of tempera- 
ture-resistant metal- was enclosed in a resistance 
furnace D. A thermocouple was placed inside the 
sleeve and was connected to an automatic tempera- 
ture regulator. The specimen temperature was 
measured by a second thermocouple made by spot 
welding two thermocouple wires to a circumference 
of the specimen at an angular separation of ap- 
proximately 90°. The electromotive force was re- 
corded by a Leeds & Northrup Speedomax recording 
potentiometer. This instrument had a full scale of 
2 mv and a potentiometer was put in series with it 


to measure higher electromotive forces. A chromel | 


P-constantan thermocouple was used because it 
gave the largest electromotive force of any of the 
generally available couples. The thermocouple was 
calibrated at four temperatures in the range of 100- 
660°C. 
The specimen was brought to a desired tempera- 
ture level for each set of determinations. The power 
input was then adjusted to result in a very slow 
temperature decrease amounting to less than 1°C 
per min. This slight temperature drift standardized 
the thermal conditions and particularly the tempera- 
ture gradient existing between furnace and speci- 
men. It also eliminated any mechanical slack in the 
recording instrument which would have interfered 
with the accurate measurement of the temperature 


decrease caused by loading. All temperature levels 
were chosen so that they would be read in the same 
part of the scale, in order to keep as constant as 
possible inaccuracies inherent in the instrument. 

The technique of loading and unloading was 
standardized and each of these operations required 
less than 2 sec. The hydraulic platform, however, 
was manipulated so as to avoid impact or appreci- 
able kinetic effects. The load was removed again 
after about 10 sec. An example of a typical record 
is shown in fig. 2. At each temperature level three 
cycles of loading and unloading were completed at 
intervals of less than 20 sec. It was possible to make _ 
three sets of measurements with different loads 
during such a short time that the temperature level 
changed by less than 2°C. 

The potentiometer records were measured on a 
reading instrument originally designed for X ray 
diffraction films. Its vernier scale could be read to 
0.02 mm. The readings were always made on the 
same edge of the recorded line and. the probable 
positioning error was +£0.02 mm. The probable 
maximum reading error therefore was +£0.03 mm. 

The lag of the instrument was an important 
factor in determining the probable errors. It was 
found that the slight temperature drift maintained 
during the experiment did not register continuously 
on the record, but in minute steps, presumably be- 
cause the instrument had to reach a certain degree 
of electrical unbalance before responding. The 
maximum error introduced from this source is esti- 
mated as 0.08 mm. Adding this figure to the read- 
ing error the maximum total error inherent in the 
method of measuring temperatures was +£0.11 mm 
of scale corresponding to a temperature interval of 
approximately +0.012°C. This error is believed to 
be larger than the errors introduced by mechanical 
inaccuracies inherent in the system of loading. An 
error affecting only the values for iron above about 
500°C will be mentioned later. 


Experimental Results 


The thermoelastic temperature change was meas- 
ured on specimens of nickel and Armco iron. 
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Fig. 3—The thermoelastic temperature change in 
Armco iron as a function of temperature. 
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Fig. 4—The thermoelastic temperature change in nickel 


“L” as a function of temperature. 


Nominal compositions of these metals are given in 
table I. The results of the experiments are pre- 
sented in fig. 3 to 6. The points plotted are averages 
of three determinations except in a few cases where 
an uncertain reading was rejected because it could 
be traced to faulty technique. . 


Table I. Nominal Compositions of the Materials 


Employed 
Cc Mn Si Ss Cu P Fe 

Armco Iron 

(specified 

maxima) 0.02 0.03 0.01 0.03 0.006 bal. 
Nickel ‘‘L”’ 
99.4 pct 
Ni + Co 0.01 0.20 0.15 0.005 | 0.05 0.1 


Fig. 3 shows the thermoelastic temperature 
change in Armco iron as a function of temperature 
while fig. 5 shows the same effect as a function of 
change in stress. Corresponding data are given for 
nickel in fig. 4 and 6. In fig. 3 and 4 theoretical val- 
ues. of the thermoelastic effect, calculated by Eq 2, 
have also been entered. The data required for these 
calculations have been taken from the literature”: 
*,® for the pure metals. 

According to Eq 2 the thermoelastic temperature 
change is directly proportional to the absolute tem- 
perature, the coefficient of thermal expansion and 
the change in stress, and is inversely proportional 
to the volume heat capacity. At any temperature 
the thermoelastic effect is an approximately linear 
function of the change in stress. The observed values 
follow this linear relation very closely, as shown in 
fig. 5 and 6. For equal changes in stress the effect 
is a function of the temperature; the nature of this 


_function is determined by the manner in which the 


Aco (psi) 


Fig. 5—The thermoelastic temperature change in Armco 
iron at different temperatures as a function of the change 


in stress. 
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Fig. 6—The thermoelastic temperature change in 
nickel “L” at different temperatures as a function 
of the change in stress. 


heat capacity and the thermal expansion coefficient 
change with temperature. 

According to Griineisen’s theory” of thermal ex- 
pansion the ratio of the heat capacity to the expan- 
sion coefficient is proportional to the compressibility. 
This ratio may be considered constant over a wide 
temperature range, but increases slightly at ele- 
vated temperatures. The thermoelastic effect should 
therefore be an approximately linear function of 
temperature, although increasing deviations from 
linearity must be expected as the temperature is 
raised. For a ferromagnetic metal the assumptions 
of Gruneisen’s theory are not valid in the tempera- 
ture range in which the metal loses its ferromag- 
netism. Consequently the thermoelastic effect is not 
a simple function of temperature in this range and 
a sharp discontinuity may be expected at the Curie 
point. 


“-'The thermoelastic temperature change observed 


in iron between 50°C and approximately 450°C 
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agrees well with the curve calculated from Lord 
Kelvin’s equation. It also is a linear function of 
temperature in accordance with Griineisen’s theory. 
Above about 450°C, the calculated and experimental 
curves show tthe effect of the gradual loss of ferro- 
magnetism. The calculated curve is not carried be- 
yond 600°C as the values of the expansion co- 
efficient are uncertain above this temperature.” It 
has been deduced from general considerations, how- 
ever, that the thermal expansion coefficient of 
a-iron decreases in the vicinity of the Curie point”. 
Reliable data for the heat capacity are available and 
show a large increase near the Curie temperature”. 
The thermal expansion coefficient and the heat 


Fig. 8—Record of a loading 

and unloading cycle show- 

ing interference by plastic 
deformation. 


Fig. 7—The thermal expansion coefficient of iron as 
a function of temperature calculated from the 
thermoelastic effect. 


capacity thus combine to reduce substantially the 
thermoelastic temperature change, as confirmed by 
the experimental results presented in fig. 3. 

Fig. 3 shows an excess of the observed over the 
calculated values at temperatures above 450°C. 
This excess is explained by a decrease in the cross- 
section of the specimen which resulted in an in- 
crease in the stress. One reason for the reduction of 
the effective cross-section at elevated temperatures 
was slight scaling of the iron specimen. A small 
amount of plastic deformation also occurred in a 
few instances above 650°C. Such plastic deforma- 
tion could be prevented by reducing the load. Points 
obtained with reduced loads are included in fig. 3 


aaa 

Rae aa 
Hp AB RRRER 
BP ag) eee 
lat | TE tt 
GSS eee 
fest BRA 
EX RNit Saeae 
tt 
kal ie RS 
na RE a 
SaEE 
epee et 
ape tt 
See ABES Bann i 
mR aneeaans BREE 


—TiIME—>— 


10 sec. 


TRANSACTIONS AIME, VOL. 188, FEB. 1950, JOURNAL OF METALS—331 


after extrapolation to the original load by Eq 2. 
Above the Curie temperature of iron it was not 
possible to make dependable measurements even 
with the smallest practicable load. After the com- 
pletion of the experiment the total reduction in the 
cross-section of the iron specimen due to scaling and 
plastic deformation was found to be about 15 pct. 
This figure included a small amount of reduction 
which had taken place above the Curie point. It is 
concluded that the error in the observed thermo- 
elastic temperature changes of iron increased gradu- 
ally above 450°C to a maximum of about 15 pct at 
the Curie point. 

Values of the thermal expansion coefficient of iron 
were calculated from the observed thermoelastic 
temperature changes by Eq 2. In these calculations, 
corrections for the change in cross-section, increas- 

-ing from 9 pct at 600°C to 15 pct at the Curie point, 

were made. After these corrections the total error 
in the calculated thermal expansion coefficients is 
estimated to be less than 10 pct. The thermal ex- 
pansion coefficients shown in fig. 7 decrease as the 
Curie point is approached in accordance with the 
theory of ferromagnetism”. 

For nickel the calculated and observed values of 

the thermoelastic temperature change coincide only 
at room temperature, but differ as the temperature 
is raised. This difference cannot be explained by a 
change in cross-section. The nickel specimen did 
. not seale and its diameter remained unchanged dur- 
ing the entire experiment. The temperature records 
also did not show a single indication of plastic def- 
ormation. Nix and McNair™ have found that the 
expansion coefficient of ferromagnetic metals is very 
sensitive to small amounts of impurities at elevated 
temperatures. The discrepancies between the cal- 
culated and experimental. curves in fig. 4 may be 
chiefly due to this cause. Both curves, however, 
agree in that the decrease in the thermoelastic effect 
near the Curie temperature is small, especially when 
compared to iron. In iron the expansion coefficient 
decreases near the Curie point and thus reinforces 
the effect of the heat capacity, while in nickel the 
expansion coefficient increases and thus counteracts 
the effect of the heat capacity. 

In the few instances in which incipient plastic 
deformation of the iron specimen occurred an initial 
temperature drop on loading was followed by a rise 
in temperature as shown in fig. 8. The former was 
due to the thermoelastic effect while the latter was 
caused by plastic deformation. The superposition 
of these two phenomena interfered with the evalua- 
tion of the thermoelastic effect so that the few 
observations of this type were rejected. After un- 


loading in the plastic range the temperature con- 


tinued to rise slightly for a short period. This 
phenomenon may be explained by the fact that 
plastic deformation generates heat in active slip- 
regions which are distributed over the cross-section. 
This heat reaches the thermocouple after some de- 
lay. A small amount of plastic deformation result- 
ing from the stress relief after unloading in the 
plastic range may also contribute to this heat 
evolution. 


Summary 


The thermoelastic effect was determined experi- 
mentally as a function of temperature in nickel and 


Armco iron. Tensile stresses of various magnitudes 
were employed. 

At all temperatures the experimental results were 
in agreement with an equation first derived by 
Lord Kelvin from thermodynamic postulates. The. 
magnitude of the thermoelastic effect was found to 
change appreciably near the Curie temperature. It 
was possible to confirm by calculation that the 
thermal expansion coefficient of iron decreases in 
the vicinity of the Curie temperature as predicted 
by the theory of ferromagnetism. 
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Appendix 
In deriving an equation for the thermoelastic 
temperature change associated with an adiabatic 


elastic deformation of a bar of unit cross-section the 
following quantities and symbols will be used: 


1: length of the bar 
o : axial stress (positive in tension) 
: absolute temperature 
Cc : specific heat at constant stress 
d, : density in the standard state 
Cz’ : volume heat capacity = cod, 


a, : coefficient of linear thermal expansion — 
cas 
LENO ye 


= eet 
Y_-+-Young’s modulus —1/ 1 ah 


S : entropy of the bar 


v : Poisson’s ratio. 
Subscript , refers to room temperature. 
Since S = S(T, c) and dS is a perfect differential, 


aT (8S a5) 
oy Pe RO Ie [1] 


For axial deformation, one of the Maxwell relations 
~ takes the following form: 


al 
(= OT ote (he [2] 


_ For the entropy of the entire bar having unit cross- 


section it follows from ae equations that: 


Cir), 


Substituting Eq 2 and 3 into 1 and rearranging: 


Sas del. [3] 


dT, — = —_— T dos [4] 


Cy og, 


In applying Eq 4 it is necessary to know the stress 
- ¢ at the temperature T. This stress is related to the 
stress at room Seale ey by: the’ ee 


ihe ea 
eee en 0-7) sa [5] 

where a; is the mean coefficient of linear expansion. 

Since a; is of the order of 10°, and (T-T.) of the 

order of 10°, this correction can ’be omitted. 

A correction term due to the contraction in the 


cross-section under load is expressed by the equa- 
tion 


To 


(eae [6] 


Cr = 


This correction may be ignored, since »v = 0.25 and 
Y = 10' psi. Eq 4 may therefore be applied in the 
following form to a reversible adiabatic deforma- 
tion: 


aT = — 


U 
eras Daag [7] 


In integrating Eq 7, a, and cz may be treated as | 
independent of the temperature T in the very small 
interval AT. Since Ao may be of considerable mag- 


“nitude, however, it is necessary to evaluate the de- 


pendence of (a;/c,) on o as follows: 


0 ay ) [ te) ay 
E OaN Ce BE "Lode ( Co ) |. a5 
1(2)] Gt 
[. oT Co yah = [3] 
Developing the first term of the right side of Eq 8: 
- : V1 <2), - 29, © 
o 7 Co les T 
2), Lace 8) = Li). = 
TOT eee beor \ ¥. o 


ees les 
Y ere eem Be 


From Eq 3: 


ee) | AS), | =aclar(S), |, oy 


Substituting Eq 2 ANO msl: 


0Ca oan ie Ses pees ak (= 
Oo ). aye eels E (ole) a: San d, oT oO bes 


Substituting Eq 10 and 12 into 9 and combining 


with 8: 
bay )], pe 1 cab Y + l Se bee 
Be (ENT ae): (a 


Numerical values may be substituted into Eq 13 
and the assumption may be made that the second 
derivative of (a,/c>c) with respect to o is negligibly 
small compared to the first derivative. In this man- 
ner it is found that the change of the ratio (ai/ Cica) 
for the maximum load is less than 2.5 pct in the 
entire temperature range investigated. Hence this 
correction can also be omitted and Eq 7 can be 
integrated, for a small interval AT: 


an TAG eee ere TAG [14] 


AT is ae (Cry Co 
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Thermodynamic Properties of 


Sulphur in Molten lron-Sulphur Alloys 


by Charles W. Sherman, 


Hans |. Elvander and 


John Chipman 


To determine the thermodynamic properties of sulphur dissolved in liquid steel, 


the equilibrium in the reaction: 


was reinvestigated for the temperature range of 1530-1730°C and sulphur concen- 


trations up to 4.8 pct. 


The free energy change in the above reaction was established as a function of 
temperature. Values of the activity coefficient of sulphur were determined. The 
effect of silicon on the activity coefficient of sulphur was computed from the data 
of Morris and Williams. Using these coefficients it is shown that other recent data 

on the same reaction are in good agreement with the present results. 


HE pronounced and usually deleterious effects of 

sulphur on all ferrous metals and the resultant 
necessity for its control in metallurgical processes 
have stimulated many investigations of the system 
iron-sulphur. The data required for thermodynamic 
study of the behavior of sulphur in molten iron and 
steel include the activity and free energy of the dis- 
solved sulphur and its heat of solution. Such data 
are also of theoretical interest since there is all too 
little information available concerning solutions of 
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nonmetallic solutes in metallic solvents. 

It was the purpose of this investigation to attack 
the problem very directly by a study of equilibrium 
at several temperatures in the reaction 


H, (gas) + s = HLS (gas) [1] 
K, = pus /pHe - @, 


where the sulphur is present in the liquid iron in 
amounts up to several percent by weight. Such a 
method of attack is not new since several careful 
studies have already been reported. It is planned, 
however, to extend the study to other metallic sol- 
vents and particularly to determine the effects of 
the various alloying elements on the activity of sul- 
phur in liquid iron. This paper presents the results 
on molten iron-sulphur alloys containing up to 4 pet 
sulphur in the temperature range 1530°-1730°C. 


Literature Review 


The significant researches on dilute molten solu- 
tions of sulphur in iron include those of Chipman 
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and Ta Li,» Maurer, Hammer and Mobius,’ White 
and Skelly,* Kitchener, Bockris and Liberman,‘ and 
Morris and Williams.° 

Chipman and Ta Li used the induction furnace in 
the temperature range 1513°-1640°C and studied 
melts containing 0.3-1.2 pct sulphur in the iron. A 
preheated mixture of H.S and H, was passed over 
the surface of a small pool of metal maintained at 
constant temperature. The metal was cooled rapidly 
and analyzed. The advantages of the induction fur- 
nace, the easy handling and the good stirring effect, 
are to a great extent offset by the steep temperature 
gradient in the system, which promotes thermal 
diffusion. This effect is especially serious when such 
a heavy gas as hydrogen sulphide is mixed with 
hydrogen, the gases near the hot surface becoming 
richer in the lighter gas. It now seems probable that 
in this instance the preheating of the gas was in- 
sufficient to prevent appreciable error from this 
source. 

Maurer, Hammer and Mobius were chiefly con- 
cerned with melts that approached FeS in composi- 
tion. By passing hydrogen over FeS at varying flow 
rates and analyzing the exit gas for H.S, they were 
able to extrapolate to zero gas velocity to obtain the 
equilibrium constant. They reported only one melt 
which fell within the range studied in this investi- 


-gation. 


White and Skelly used a resistance-wound fur- 
nace to investigate the temperature range 1555°- 
1600°C. Small iron beads weighing about one gram 
were placed on an alumina tray and put in a closed 
reaction chamber of alumina. By taking the average 
value of in-going and out-going H.S/H, ratio and by 
picking the three runs giving the lowest values, they 
obtained an equation for the temperature de- 
pendence of the equilibrium constant. The narrow 
temperature range and high silicon contents, some- 
times as much as 2.6 pct Si, leave the equation in 
reasonable doubt. 

Kitchener, Bockris and Liberman have reported 
on a preliminary study of the effect of carbon on the 
activity of sulphur. Indirect estimates of the influ- 
ence of carbon on the activity of sulphur were re- 
viewed. Direct measurements were made on the 
iron-sulphur equilibrium for melts saturated with 
graphite. Preliminary results indicated that satura- 
tion of the melt with carbon approximately doubles 
the sulphur activity at 1560°C. 

Morris and Williams conducted a very careful in- 
vestigation of the effect of silicon on the activity of 
sulphur in iron at 1615°C. In order to study the 
effect of silicon these authors redetermined the 
equilibrium constant for the pure iron-sulphur sys- 
tem at 1615°C. They used a graphite-spiral-heated 
furnace. Thermal diffusion was avoided by bubbling 
the H.S-H, gas mixture through the melt. Dupli- 
cate iron samples were taken with a two-bore re- 
fractory thermocouple tube by immersion in the 
melt and drawing up of a sample in the holes. Melts 
containing silicon were compared with the pure iron 
melts. Silicon was found to have a marked effect on 
the activity coefficient of sulphur. 

The quantitative results found in these investiga- 
tions will be discussed when comparison is made 
with the results of this research. 


Description of the Method 
The essential features of the method used by 
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Fig. 1—Induction Furnace for Equilibrium 
Measurements. 


“— Glass prism 38.5 x 38.5 mm 


— Glass-window 1.8 mm 

— Pyrex tubing 13.5 x 11 mm 

— Terminals for the preheater 

— Sampling opening 

— Water-cooled brass head 

— Preheater ‘ 

— Radiation shield, alundum 

— Heat insulation, alundum 
4.5 mm : 

— Induction coil 


K 


BH umm vozst 


— Crucible 
— Melt 
— Alundum discs 
— Supporting tube, alundum 
— Quartz tube 69 x 60 mm 
— Supporting disc, stainless 
steel 
— Holes for gas outlet 
— Brass head 
— Stainless steel tube 
14.2 x 11.2 mm 
— Ground glass joint 
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Chipman and Ta Li have been retained ini thre 
present work. A prepared mixture of hydrogen and 
hydrogen sulphide was conducted over molten iron 
at constant temperature until equilibrium was 
reached. Instead of cooling the entire melt, how- 
ever, samples for analysis were obtained during the 
run by solidification in small-bore silica tubes. 

Fig. 1 shows the pertinent parts of the furnace 
assembly. Induction heating was used because of its 
several advantages for this type of study. The melt 
is constantly stirred throughout the run, exposing 
new metal surface to the gas continually. The re- 
fractories used do not reach the high temperatures 
found in resistance type furnaces. 

The gas preheater tube was made of pure alumina 
and wound with 0.025 in. molybdenum wire. Silica 
in this portion of the.system was found to be objec- 
tionable because of its tendency to be transferred to 
the melt by the gas passing through the preheater. 

The crucibles holding the melt were made of high 
purity alumina in the following manner: Alumina 
powder, grain size 220 mesh, was dry ground for 24 
hr in a steel ball mill, after which water was added 
and the pulp passed through an electromagnetic 
separator to remove any iron particles. The pulp 
was treated with hydrochloric acid four times with 
settling and decantation after each wash. Water was 
added in each wash until the leach solution reached 
a pH of 3-4. The material was then slip cast into 
plaster molds. After drying in air 24 hr, the cruci- 
bles were prefired at 1000°C and finally fired at 
1800°C to a dense, translucent, white body. These 
crucibles endured molten iron at 1725°C in an 
atmosphere of hydrogen and hydrogen sulphide 
’ during a 12-hr run without being affected. The wall 
of a crucible after such a run contained less than 
0.005 pet S. 

Temperatures were measured by sighting a dis- 
appearing-filament optical pyrometer on the melt. 
The optical system consisted of a prism, a glass 
window and a gas column 55 cm in length. Calibra- 
tion of the system was made against the melting 
point of electrolytic iron at 1535°C in a hydrogen 
atmosphere. The true temperature was read from 
the calibration chart of Dastur and Gokcen,° which 
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Fig. 2—Experimental Values of Log K’,, Where 
K’, = Bo 
Pe J § 


Numbers indicate ratio H2S: Ho < 103 in entrant gas. 


Table I. Comparative Reproducibility of Gas Analyses 


Method No. 1 Method No. 2 $ 
(CdS Precipitation) (Ascarite Absorption) 
g H2S/21 g H2S/2 liters 
pal. 0.0008 0.0016 
Bcrhu ne 0.0012 0.0015 
0.0016 0.0016 
0.0015 0.0015 
0.0012 0.0016 
0.0013 0.0016 
0.0009 
0.0014 
0.0016 
a .0017 0.0018 
ee ne 0.0015 0.0017 
| 0.0018 0.0018 
| 0.0015 0.0017 
| 0.0016 0.0019 
0.0018 
| 0.0016 


was determined under similar experimental condi- 
tions. 

The melt was sampled by dipping a quartz tube 
through the opening in the upper brass end of the 
furnace and drawing up a sample of approximately 
6 cm length. The entire piece was analyzed. As a 
precautionary measure, the quartz tube was flushed 
with hydrogen to prevent oxidation of the sample 
by air. 

Thermal diffusion was eliminated by vigorous 
preheating of the gas and by adding a heavy inert 
gas, argon, to the mixture. The preheater tube has 
a hot zone about 10 in. long where the wall was 
maintained at the same temperature as that of the 
melt. The flow of argon was controlled by a simple 
capillary flowmeter. The usual argon flow rate dur- 
ing a run was about 500 ml per min. 

The hydrogen-hydrogen sulphide mixtures were 
prepared by evacuating a tank that had been satu- 
rated with hydrogen sulphide, introducing a small 
amount of pure H.S and then filling with hydrogen. 
The mixtures were allowed to come to equilibrium 
for at least three days and then analyzed before, 
during and immediately after a run. The composi- 
tion did not change. The flow of this gas mixture 
into the system was controlled by a simple flow- 
meter that had been calibrated with pure hydrogen. 
The usual flow rate for this mixture during a run 
was approximately 500 ml per min. 

A representative run was carried out as follows: 
Approximately 175 g of electrolytic iron were 
melted down under an atmosphere of hydrogen. 
The optical pyrometer was checked at the melting 
point. The argon and hydrogen-hydrogen sulphide 
mixtures were then introduced into the system. The 
power was increased until the melt was at the de- 
sired temperature. After the melt had been at 
constant temperature for an hour, the first metal 
sample was taken and analyzed for sulphur. At. 
hourly intervals the melt was sampled and analyzed 
until three successive samples gave identical re- 
sults. The melt was then considered at equilibrium 
with the gas. The gas was then analyzed for H.S 
and H, by taking three samples as described in 
methods of analysis. The run was terminated at this 
point, or a new run could be started by simply 
changing the temperature and repeating the process 
described above. 


Methods of Analysis: Former investigators have 
relied on some variation of the standard volumetric 
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Table Il. Checks on the Method for Metal Analysis 


Steel No. 1 Pct S 
National Bureau of Standards 0.274 
No. 129a 0.273 
Recommended value 0.274 
for S = 0.273 pct 0.273 
0.273 

0.273 

Steel No. 2 Pct S 
National Bureau of Standards 0.126 
No. 123 0.126 
Recommended value 0.126 
forS 0.126 
Combustion = 0.133 pct 0.126 


HCl volumetric = 0.126 pet 


method for determining sulphur in iron.” This pro- 
cedure involves the precipitation of a metal sul- 
phide (CdS, ZnS, etc.) in an alkaline solution and 
subsequent titration with standard iodine or potas- 
sium iodate in conjunction with sodium thiosul- 
phate. This method was used to obtain the pre- 
liminary values shown in fig. 6. 

As pointed out by Morris and Williams’ who pre- 
ferred a gravimetric method, this procedure has 
been shown by Lundell, Hofman and Bright® to 
be of doubtful accuracy when used with varying 
weights of sample. The precipitation of CdS is 
shown by the same authors to suffer from an addi- 
tional degree of variability. The precipitate is 
photosensitive and exposure to sunlight in varying 
‘degrees leads to erroneous results unless a very 
rigid analytical technique is employed. 

The analysis of H.S and H, gas mixtures can be 

performed in a manner similar to that used for the 
metal samples. When the sulphur sought for is 
already in the form of H.S, the determination is the 
same as described above with precipitation of a sul- 
phide and titration with a standard iodine solution. 
The hydrogen is measured in a suitable collection 
flask of known volume. 
_ After the first few results were obtained in this 
study, it was felt that an improved method of 
analysis for both metal and gas samples was de- 
sirable. The following method proved to be satis- 
factory: 

Gas Analysis: The mixtures that were passed 
over the melt contained three different gases: H.S 
in amounts up to 1 pet, H. and argon. The exact 
percentage of argon was not required but an ap- 
proximate value was necessary in order to compute 
the extent of dissociation of H.S at elevated tem- 
peratures. This could be obtained with sufficient 
accuracy from the rate of flow. 

The prepared mixture of H.S and H. was ana- 
lyzed before admixture of argon. Most acidic gases 
are readily absorbed on sodium hydroxide-impreg- 
nated asbestos (trade name Ascarite, Caroxite, 
etc.). Ascarite absorption of CO, is very satisfactory 
in the conventional combustion method for carbon 
in steel. Its use was also found very satisfactory for 
H.S. The change in weight of an absorption bulb 
can be attributed directly to H.S when a suitable 
drier such as anhydrone has been included in the 
bulb to trap the water of reaction. 

Table I includes values for two different tanks of 
H.S-H. mixtures, where the H,S had been de- 
termined by the cadmium acetate volumetric 


method and by a gravimetric method using Ascarite 
absorption. The values for the CdS precipitation 
are reported in grams per two liters of gas mixture 
so that they may be compared directly with the 
Ascarite absorption values where 2-liter gas samples 
were used. Actually the low percentages of H.S in 
the gases necessitated taking a 13.6 liter sample to 
precipitate CdS in amounts enough to titrate, an 
additional disadvantage of the volumetric method. 
It can be seen that the deviation is much less for the 
Ascarite absorption even though a much smaller 
sample was used. 

The necessary equipment for the Ascarite method 
includes tank, reducing valve, drying tower, nesbitt 
bulb, and hydrogen collection flask of known 


volume. 


When using this method, the drying tower must 
be saturated with H.S before use and the absorp- 
tion bulb should be primed by running some of the 
gas mixture through it so that the bulb contains an 
atmosphere of pure hydrogen. 

Metal Analysis: At first, it was felt that analysis 
of metal samples could be performed quite satis- 
factorily using the combustion method.’ This was 
found to be true; the combustion method has been 
used to check most of the values reported. How- 
ever, an additional point should be considered. 
When possible, the gas samples and metal samples 
should be analyzed by similar procedure to reduce 
the effect of inherent errors. 

The analysis of the gas samples reported in table 
I involved a comparison of two analytical methods 
on a gas whose composition was not known exactly. 
This did not establish the validity of the method. 
A standard reference of known value was needed. 

In, the conventional volumetric method of analy- 
sis for sulphur in iron, the samples are dissolved 
in HCl with the evolved gases passing through an 
absorbing solution where a sulphide is precipitated. 


Ascarite absorption may be substituted for the ab- 
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Fig. 3—Equilibrium at 1600°C. 


The broken line represents Henry’s law. 
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Fig. 4—Apparent 
Equilibrium 
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Temperatures. 
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Fig. 5—Logarithm of the Activity Coefficient as a 
Linear Function of Concentration. 


sorbing solution providing certain precautions are 
observed. The HC1 treatment of metal samples re- 
leases the sulphur in iron as H.S and in addition 
H.O and HC1 are carried over through the train and 
must be eliminated before the absorption bulb. The 
absorption of HCl must take place in a medium 
which does not absorb H.S. Very dilute HCl was 
found to do this admirably. The solution must be 
changed when the HC1 concentration becomes too 
high but usually performs very satisfactorily for 
at least ten determinations. The water is absorbed 
by anhydrone in a drying tower. The whole system 
is kept closed and the reaction products flushed 
through the apparatus with an inert gas such as 
nitrogen. 
Table II includes the results for two Bureau 
of Standards high-sulphur steel samples an- 
alyzed in this manner. The usefulness of this 
method lies in the fact that it can be performed 
-with the minimum of attention and is quite 
convenient to use when analyzing furnace sam- 
ples before the run has been completed. There 
is therefore less chance of terminating a run 
before equilibrium has been reached, which 
might occur when metal samples are not 
analyzed until later. 


Results and Calculations 


Equilibrium runs were made at three different 
temperature levels, approximately 1530°, 1610°, 
and 1725°C with sulphur contents in the melt 
varying between 0.4 and 4.8 pct. The results of 
these runs are recorded in table III. The values 
of the gas analyses are reported both as deter- 
mined at room temperature and as corrected 
for dissociation of hydrogen sulphide at high 
temperatures. 

The H.S/H, ratios were corrected by using 
the known thermodynamic data for the follow- 
ing reaction which represents the only impor- 
tant dissociation of H.S at the temperatures in 
question: 


H, (9) ++-1/2:S2(@)' =H Sx) [2] 


To determine the equilibrium constant, the stand- 
ard free energy change for this reaction at each 
temperature must be computed. This may be done 
conveniently by determining AF° at 298° K and 
then using data of Kelley’ to obtain the increments 
in enthalpy and entropy above 298° K. The heats of 
formation and entropies of the three gases at 298’ K 
are: 

AH®° , (Keal per mol) S° (cal per deg mol) 


HS 4.815 49.15 
H, 0 39.211 
S. 31.02 54.42 


The heat of formation of H.S and the entropy of 
hydrogen were taken from the data of the National 
Bureau of Standards” and the remaining values 
from Kelley.* The result, which is applicable in 
temperature range of these experiments, is: 


AF? ——RTInK = —21,680)-610- 64 ag 
K, = pus/pm X ps’; log K, = 4740/T — 2.582 


As an example of the computation, the ratio in a 
given run of argon: hydrogen:hydrogen sulphide 
was 1092:1000:2.94, the total pressure being 1.019 
atm. The temperature was 1900° K and accordingly 


Table III. Experimental Results 


—Entrant Gas— pues 
x 108 ‘ 
Temp. Pre 
Run °c Pres X 108 Poe | Pet S (corr.) |K’; <X 108) log K’1 
P-1 1546 an Par AE 0.470 1.46 3.60 2.46 —2.609 
P-2 1661 1.49 0.516 a Deal 2.82 2.54 —2.595 
P-3 1599 1.52 0.516 1.23 2.91 2.36 —2.627 
P-4 1718 1.46 0.516 0.96 2.74 2.86 —2.544 
P-5 1731 1.16 0.482 0.78 2.35 3.02 —2.520 
P-6 1780 1.50 0.392 1.08 3.60 3.33 —2.478 
P-7 1799 1.79 0.492 1.09 3.41 3.13 —2.504 
S-1 1543 0.599 0.503 0.50 1.18 2.36 —2.627 
S-2 1618 0.598 0.502 0.45 1.18 2.62 —2.582 
8-3 1738 0.596 0.501 0.38 Toy, 3.08 —2.511 
S-4 1546 0.896 0.512 0.74 1.74 2:35 —2.629 
S-5 1609 0.884 0.505 0.68 Eis 2.54 —2.595 
S-6 1733 0.882 0.504 0.57 1.72 3.02 —2.520 
S-7 1541 1.30 0.507 ne by 2.54 2.27 —2.644 
s-8 1617 1.28 0.500 0.99 2.52 2.55 —2.593 
s-9 1729 1.30 0.509 0.85 2.49 2.93 —2.533 
S-10 | 1544 1.69 0.503 1.46 3338 2.27 —2.644 
S-11 1611 1.69 0.502 1.35 3.30 2.44 —2.613 
S-12 1725 1.69 0.502 1.18 3.25 2.75 —2.561 
S-13 | 1537 2.24 0.497 2.01 4.44 PAPAL —2.656 
S-14 | 1615 2.28 0.506 1.79 4.40 2.46 —2.609 
S-15 | 1731 2.32 0.515 1.51 4.31 2.85 —2.545 
S-16 | 1531 2.81 0.496 2.71 5.58 2.06 ——2.686 
S-17 | 1615 2.85 0.501 2.41 OVO 2.29 —2.640 
S-18 | 1739 2.89 0.510 2.02 5.36 2.65 —2.577 
S-19 | 1527 3.75 0.507 3.63 7.22 1.99 —2.701 
S-20 1607 3.74 0.507 3.25 7.12 2.19 —2.660 
S-21 1725 3.76 0.509 2.69 6.89 2.56 —2.592 
S-22 1520 4.48 0.503 4.94 8.69 1.76 —2.754 
S-23 1621 4.51 0.505 4.21 8.50 2.02 —2.695 
S-24 1729 4.49 0.503 3.61 8.20 2.27 —2.644 
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- phur and the ratio pu.s/pHs associated with 


‘the value of K, was 0.82. Solution of the K, equation 
yields a relative figure of 0.026 for S, on the above 
scale. The corrected ratio of pa.s/pu, is therefore 
(2.94 — 2 X 0.026)/1000 or 2.89 10°. Values of 
the corrected ratio are given for each experiment 
in table III. 

Using the corrected H.S-H, ratios and the value 
for sulphur in the metal, it is possible to determine 
for each heat a value of K’, defined as: 


a PHes 
Ca 
“pm: % S 


This is not the true equilibrium constant of the re- 
action. Observed values of log K’, of the S-series 
experiments are plotted against the reciprocal of 
the absolute temperature in fig. 2. The results for 
each given series using a constant gas composition 
are tied together by a straight line. Graphical inter- 
polation on these straight lines has been used to 
obtain values of K’; at selected temperatures. Since 
the sulphur content and the corrected gas ratio are 
not constant during a series but vary with temper- 
ature in a regular manner, the percentage of sul- 
each 
value of K’, have been obtained also by interpolation. 

The experimental results, interpolated to a tem- 
perature of 1600°, are shown in fig. 3. It is evident 
that the gas ratio is not quite a linear function of 
sulphur concentration, although the first three 
points fall nearly on a straight line. The ratio repre- 
sented by K’, is therefore not quite constant and it 
becomes necessary to introduce an activity -co- 
efficient in defining the true equilibrium constant. 

The data at four selected temperatures are shown 
in fig. 4 in which values of log K’, at each temper- 
ature are plotted against the weight percent of 
sulphur. At each temperature the points are ade- 
quately fitted by a straight line, the maximum 
deviation being of the order of 0.01 in log K’,. 

In order to establish an equilibrium constant for 
the reaction we shall define the activity of sulphur 


Table IV. Data of White and Skelly, Corrected 


ate 1540 1600 1650 1727°C 
T T T a a 
4 
eek is ee 
ea) 
° 
LOG K 
y A 
4 ° 
A 
=2.6\- On 
oO Bw 
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a2. = 1 1 fs L n 
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Fig. 6—Plot Containing All Experimental 
Values of Log K, as Function of 1/T. 


A = preliminary runs; O = improved technique. 
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Fig. %7—Effect of Silicon on Activity Co- 
efficient of Sulphur. 


(Data of Morris and Williams.) 


in the melt on the same scale that we have used for 
its concentration, making as = % S in the infinitely 
dilute solution. Further we define the activity co- 
efficient fs as the ratio as /%S, its value being unity 
-at infinite dilution. The equilibrium constant is 
then: 
PHesS PHS 


K= == 
: PH: : ds pH, - fs - 


% S 


Values of K, at each temperature are 


1555° C given by the intercept of the line at 0 
%_S. 
. . , 
Hes It is evident that log fs = log K’, — 
He es . log K,. Values of log fs are shown in fig. 
aed Gn) A Eck e)) Bet St) Win AG?) Jon Bie |: )08-t's) | tog fe°'| log Ka 5 as straight lines parallel to the lines of 
i fig. 4. It is noteworthy that the line of 
II-3 7.12 3.41 | 1.12 2.09 —2.680 | —0.089| 0.084 | —2.675 : Patra haeo thes nighese 
B-2 3.42 1.16 | 2.08 2.95 | —2.530 | —0.030| 0.156 | —2.656 highest temperat oe 
B-3 3.42 1.12 | 2.02 3.05 —2.516 = free Senper slope, indicating the greatest deviation 
PCat 4.83 1.66 | 1.65 2.91 | —2.536 | —o. : =o) : ‘ 4 
C-3 4.83 134 | 1.52 3.60 |—2.444 | —0.035] 0.112 | —2.521 from ideality. This unexpected result 
CaN a OTe SG et a al eat arises from the manner in which the 
= : Tis 210 2.79 —2.55 : : —2. : : 
E3 315 1.15 | 1.99 | 2.74 | —2.562 | —0.030] 0.150 | —2.682 lines of fig. 4 have been drawn, each line 
— representing the points at one tempera- 
1578° C ture without regard to the slopes of the 
other lines. Actually a system of parallel 
I-1 7.1 2.09 | 2.04 3.40 —2.469 | —0.056| 0.153 | —2.566 lines would have represented the data 
I-3 ¢ 7.10 Dey) 1.99 S213 —2.504 | —0.061/} 0.150 —2.593 almost as well. For this reason the 
J-1 8.7 3.47 | 1.63 2.52 —2.599 | —0.094| 0.122 | —2.627 ; 
temperature effect denoted by the lines 
1600° of fig. 5 is not firmly established by the 
data and should be regarded as tenta- 
tive 
= ; 1.62 | 2.23 3.45 —2.462 | —0.049| 0.168 | —2.581 ae ; : : 
Fa 358 1.71 | 2.25 3.26 | —2.487 Soe ayo eee It is now possible with the aid of 
G-1 8.83 3.65 | 1.53 2.42 |—2.616 | —0. : a, tee a; aay 
G-3 8.83 3.47. | 1.63 2.55 | —2.593 | —0.104] 0.122 | —2.611 activity coefficients from fig. 5 to co 
H-1 7.63 2.94 | 1.38 2.59 |—2.587 | —0.088] 0.103 | —2.606 pute a value of the equilibrium constant 
H-3 7.63 3.09 | 1.34 2.47 |—2.607 | —0.093] 0.100 | —2.614 Pomteneiy Gara ommablen TIL. Thesesare 
a NEE ——————————————— nn 
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shown in fig. 6. The straight line represents our 
best value for the equilibrium constant of the re- 
action and from it the following equations result: 


H, (g) + S = HS (9) [1] 
log K, = —2150/T — 1.429 
AF° = +9840 + 6.54T 


The latter may be combined with the equation for 
dissociation of H:S to give the following for the free 
energy of solution of gaseous sulphur (S,) in liquid 
iron: 

AF°® = —31,520 + 5.27T 


Comparison with Other Investigations 


Before the results of this research can be com- 
pared with those of previous investigators, some 
method must be used to eliminate the effect of the 
third element such as silicon which was present as 
an impurity in the work of Chipman and Ta Li and 
of White and Skelly. This element was added by 
Morris and Williams in amounts up to 9 pct and 
from their results its effect on the activity of sul- 
phur may be computed. 

In the iron-sulphur binary system, it has been 
shown that sulphur has an activity coefficient less 
than unity (fig. 5). With the information gained in 
the study of the binary system it is possible to at- 
tack ternary systems in a similar manner. 

In any solution containing iron, sulphur and sili- 
con the activity coefficient of sulphur is fs as pre- 
viously defined. We shall use the symbol. f’s to 
represent its activity coefficient in a pure iron- 
sulphur alloy containing the same percentage of 
sulphur. The ratio of these two in the ternary we 
shall call f°; The equilibrium constant of the H.S 
reaction with the ternary alloy is then: 


PHS 


Ke SMB 
; PHA sce eS 


The data of Morris and Williams lead to the values 
of f°; shown in fig. 7. 

-It is now possible, with the information at hand, 
to apply corrections to part of White and Skelly’s 
work. Since they did not analyze all their heats for 
silicon, only the portion that were analyzed can be 
recalculated. By substituting the proper f,’ and f®' 
from fig. 5 and 7 for each heat, the resultant equi- 
librium constant is a true K. Table IV is a compila- 
tion of their data at 1555°, 1578°, and 1600°C. The 
true K is calculated simply from the relationship: 


log K, = log K’, — log f¥ — log f’; 


The work of the several investigators is sum- 
marized in fig. 8. The values for K, have been calcu- 
lated for each heat in the manner described above. 
The line drawn is that of fig. 6. The new data are 
markedly lower than those of Chipman and Ta Li 
which are believed to have suffered from errors of 
thermal diffusion. The agreement with the three 
other investigators is excellent. 


Summary 


To determine the thermodynamic properties of 
sulphur dissolved in liquid steel, the equilibrium in 
the reaction: 


H, (g) + S = HS (g) [1] 


S232 


LOG K 


LEGEND 
(1 MORRIS AND WILLIAMS, AVERAGE] 
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x CONTAINING, Si 
QA WHITE AND SKELLY 


x MAURER, HAMMER AND MOBIUS 
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Fig. 8—Comparison of All Published Data. 


Solid line represents authors’ results. 


was reinvestigated at temperatures up to 1730°C 
and sulphur concentrations up to 4.8 pct. 

The ratio poH.s/pH -% Sis not a true constant. To 
obtain the equilibrium constant, values of this ratio 
were extrapolated graphically to zero sulphur con- 
centration. Values of the activity coefficient fs were 
determined. 

The free energy change in the above reaction was 
established as a function of temperature. 

From the similar work of Morris and Williams, 
the effect of silicon on the activity coefficient of sul- 
phur has been determined. The results are used to: 
obtain values of the equilibrium constant from their 
data and from those of White and Skelly. These two 
sets of data are shown to be in excellent agreement 
with those of this investigation. 
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The Manganese Equilibrium 


Under Simple Oxide Slags 


by John Chipman, John B. Gero and Theodore B. Winkler 


\ 


New experimental data are presented on the manganese equilibrium in liquid 
steel under simple slags consisting of the oxides of iron and manganese with small 
amounts of impurities. The new data lead to values of Ku. which are significantly 
higher than those of Korber and Oelsen and in general somewhat above those of 


other investigators. 


Thermodynamic calculation from published data at lower temperatures gives 
results which agree fairly well with the experimental data. 
The distribution of oxygen between these slags and the liquid metal conforms 
to the solubility curve of Taylor and Chipman. 


N the basic open hearth process the reaction of 

manganese in the bath with iron oxide in the 
slag attains a condition very closely approximating 
true equilibrium, and the distribution of manganese 
between slag and metal during the refining period 
is determined by the factors which control this 
equilibrium condition. For this reason a number of 
investigators have studied this reaction both in the 
laboratory and under various conditions of furnace 
operation. 
- The principle reaction and its equilibrium con- 
stant are: 


FeO (in slag) + Mn = MnO (in slag) + Fe (liq.) 


[1] 
(MnO) 
(FeO), [% Mn] 


The symbols in parentheses represent activities of 
the two oxides in the slag which, in the simple slags 
consisting almost wholly of the two oxides, may be 
assumed equal to the respective mol fractions. The 
symbol (FeO), is used to denote the total iron oxide 
computed as FeO; or it is the sum of the mol frac- 
tion of FeO plus twice that of Fe.O.. 


Kun a= 


Early attempts to obtain laboratory data on this 
reaction suffered from failure-to appreciate the great 
speed of the reaction. When slag and metal are 
cooled slowly together, the equilibrium shifts with 
temperature and the final compositions correspond 
to equilibrium at the freezing point rather than at 
bath temperature. The early work of Oberhoffer and 
Schenck* and of Tammann and Oelsen’? apparently 
suffered from this source of error. In most of the 
other published laboratory investigations*® *° this 
error was not present but other uncertainties have 
existed, notably dependence upon optical tempera- 
ture measurements and exposure to atmospheric 
oxidation. 
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Table I. Experimental Data 


Slag Analysis, Pct 


Steel Analysis, Pct 
Sample Temp. 
Number °C Mn re) 
E-32-1 1655 0.065 0.209 
4 1640 0.144 0.156 
13 1620? 0.160 0.175 
15 1680? 0.190 0.221 
17 1690? 0.250 0.180 
20 1610 0.220 0.139 
E-38-4 1630 0.172 0.161 
6 1672 0.211 0.194 
8 1730+ 0.234 0.225 
10 1738 0.314 0.225 
12 1689+ 0.224 0.206 
14 1583 0.132 0.138 
D-65-2 1603 0.229 
4 1635 0.280 
6 1743 0.38 0.178* 
8 1750 0.42 
10 1723 0.32 0.215* 
12 1637 0.23 0.181 
14 1615 0.20 0.166 
16 1587 0.17 0.147 
26 1598 0.18 0.128* 
28 1597 0.182 0.126 
30 1633 0.26 0.165 
32 1638 0.27 0.167 
34 1706 0.29 0.258 
36 1718 0.30 0.264 
38 1697 0.24 0.233 
40 1646 0.21 0,189 
42 1630 0.17 0.176 
44 1568 0.118 0.138* 
46 1580 0.096 0.128 


FeO Fe203 MnO MgO SiOz CaO 
76.94 4.15 13.86 3.84 116 0.32 
65.51 4.53 26.94 1.50 0.88 0.18 
66.21 4.12 26.92 1.85 0.56 0.08 
65.09 4.14 25.89 3.44 1.46 0.32 
56.30 3.26 36.07 2.37 1.74 0.40 
57.83 4.41 33.01 1.82 2.52 0.32 
60.73 4.28 29.08 2.62 2.00 0.67 
60.26 Saye 29.58 3.55 2.16 0.59 
58.56 3.25 30.86 4.83 1.60 0.43 
58.81 2.97 30.84 4.96 1.74 0.43 
58.76 3.91 28.43 3.94 1.52 3.25 
59.17 4.12 26.49 2.90 2.66 3.56 
86.89 5.69 1.32 2.28 0.37 
86.09 5.47 

55.14 1.93 38.10 0.62 1.84 0.47 
55.43 1.95 37.40 

55.85 2.47 36.36 

56.73 2.83 35.32 

57.07 S15 34.66 

57.81 2.99 33.61 Le, 3.64 0.50 
56.38 2.55 36.03 0.10 1.64 1.24 
55.70 2.86 38.02 

52.18 2.36 39.27 

52.28 2.44 39.25 1.45 2.66 1.94 
59.27 2.57 33.40 1.18 1.30 0.77 
59.64 1.98 33.59 

59.69 2.40 32.85 

59.77 3.34 31.95 

59.83 3.69 31.25 

61.61 3.43 29.34 0.66 3.00 1.02 
65.42 1.27 27.91 


* Oxygen analysis based on single determination. 


Table Ii. Equilibrium Constants 


Temp. = 
Number °C Kun % Mn Lo 
E-32-1 1655 2.70 2.84 0.255 
1640 2.73 2.90 0.215 
i} 1620? 2.41 2:00. 0.221 
15 1680? 2.01 2.12 0.315 
17 1690? 2.47 2.60 0.297 
20 1610 2.47 2.64 0.214 
E-38-4 1630 2.67 2.83 0.239 
6 1672 2.24 2.36 0.298 
8 1730 + 2.18 2.29 0.365 
10 1738 1.62 1.70 0.365 
12 1689 + 2.07 2.20 0.327 
14 1583 3.24 3.45 0.211 
D-65-6 1743 79) 1.84 0.297 
8 1750 1.58 1.63 
10 1723 -1.99 2.06 0.349 
12 1637 2.62 2.74 0.287 
14 1615 2.93 3.07 0.260 
16 1587 3.31 3.47 0.229 
26 1598 3.44 3.59 0.203 
28 1597 3.62 atk 0.206 
30 1633 2.82 2.95 0.285 
32 1638 2.70 2.81 0.290 
34 1706 1.90 1.97 0.399 
36 1718 1-85 1.91 0.411 
38 1697 2.24 2.32 0.356 
40 1646 2.45 2.57 
42 1630 2.94 3.12 0.276 
44 1568 3.91 4.09 0.259 
46 1580 4.43 4.46 0.198 
0.182 


Experimental Study 


During the course of our laboratory investigation 
of the phosphorus equilibrium’ a considerable num- 
ber of samples were obtained which were essen- 


tially free from phosphorus and silicon. 


In two 


heats which were made in new crucibles the slag 
consisted of the oxides of iron and manganese 
along with minor amounts of magnesia and other 
impurities. The data on these two heats, E-32 and 
E-38, have been published but have not previously 


been used to obtain values of Ky. 


5.4 
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Fig. 1—The Manganese Equilibrium Constant. 


Circles, data from Heats E-32 and E-38 (1941), 
data from Heat D-65 (1949). 
Oelsen (1932). 
Line III, calculated from low-temperature data. 
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J Squares, 
Line I, equation of Kérber and 


Line II, average equation of Chipman (1934). 


present best average, Eq 8, 


Line IV, 
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Fig. 2—Distribution of Oxy- 

gen between Liquid Fe-Mn 

Alloys and Simple FeO-MnO 
Slags. 


Circles, Heats E-32 and E-38. 

Squares, Heat D-65. Crosses, 

manganese-free points from D-65. 

The line represents data of Taylor 

and Chipman on solubility of oxy- 
gen in iron. 


Another heat, D-65, was made and sampled by 
essentially the same technique the details of which 
have been described previously’, the only change 
being elimination of vacuum melting. Sixty-five 
pounds of Armco ingot iron was melted in an open, 
magnesia-lined induction furnace. An atmosphere 
of hydrogen was then maintained over the melt for 
an hour to bring the carbon content below 0.01 pct. 
The bath was then exposed to air for 25 min to 
remove hydrogen, the electrodes were put in place 
and the furnace was operated from this point on in 
an atmosphere of nitrogen. Ferric oxide was added 
to form the first slag and two pairs of slag and metal 
samples were obtained. Electrolytic manganese and 
manganese dioxide were added and sampling was 
continued over a period of several hours. Samples 
were obtained by dipping steel molds into slag or 
metal respectively, the power being turned off mo- 
mentarily. Molds for metal sampling were in the 
form of split cylinders % in. id and 1% in. od, 2 in. 
long. Slag molds were slightly larger. Temperatures 
were taken by tungsten-molybdenum thermo- 
couples encased in silica tubes. This led to a slight 


increase in silica content of the slag which was 


offset by occasional additions of the other compo- 
nents. Slags taken before and after these additions 
were analyzed completely, all others for iron and 
manganese oxides only. Estimates of impurities in 
the other samples may be obtained by interpola- 
tion. The thermocouples were from an entirely dif- 
ferent lot from those used in E-32 and E-38 and 
were independently calibrated. 

The experimental results are given in table I. 

Values of Ky, obtained from all three heats are 
assembled in table II. In fig. 1 the logarithm of 
Ky, is plotted against the reciprocal of absolute 
temperature. For comparison the results of two 
previous studies are shown as broken lines. The 


TEMPERATURE °F 
3000 3100 3200 


2900 


1600 1700 1800 
TEMPERATURE °C 


lowest represents the data of Korber and Oelsen‘ 
which, up to the present time, have been regarded 
as affording the most reliable values of the constant. 
The second is the best average value selected by one 
of the authors’ to represent all data available in 
1934. The new data are substantially different from 
those of Korber and Oelsen. They are in somewhat 
better agreement with the results of Krings and 
Schackmann.’ 

The distribution coefficient for oxygen defined as 


L, = [% O]/(FeO), [2] 


is also tabulated. Here (FeO); is the mol fraction 
of total iron oxide corrected for impurities by as- 
suming that all acidic components form compounds 
with the basic oxides. In these slags the correction 
is quite small. Values of L, are shown by the points 
in fig. 2. The line represents the solubility of oxygen 
in liquid iron under pure iron oxide slags deter- 
mined by Taylor and Chipman*®. The agreement 
indicates that the distribution of oxygen between 
slag and metal is unaffected by manganese within 
the limited composition range that can be covered 
by the experimental method employed. It confirms 
Korber’s conclusion that the solubility of MnO in 
the bath is small. 


Thermodynamic Calculations 


The data shown in fig. 1 are not sufficiently ac- 
curate to establish the relationship between Kyun 
and temperature. The scatter of points would per- 
mit representation of the average result by a line 
of almost any slope. This slope, however, can be 
calculated from other data. Southard and Shomate’ 
have measured the heat of formation of MnO and its 
heat content up to 1300°C. Kelley, Naylor and 
Shomate” have established the heat content of the 
metal up to high temperatures. Similar data for 
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Fig. 3—The Manganese Equilibrium Constant in 
Terms of the Ions. 
Circles, Heats E-32 and E-38. Squares, Heat D-65. Broken 


line, calculated; solid line, best experimental average using 
calculated slope, Eq 13. 


oxygen have long been available. Likewise the 
entropies of the same substances are known and 
these data have also been assembled by Southard 
and Shomate. For the reaction of liquid manganese 
with oxygen to form solid MnO their data lead to 
the equation*: 


* Note the adjusted Eq 14 discussed later. 


Mn (liq.) + 1/2 O, (g) = MnO (s); 
AF® (calc.) — —97,000 + 20.9T [3] 


Since the estimated change in heat capacity is less 
than 1 cal, this equation may be used throughout 
the range of steelmaking temperatures. 

The heat of fusion of MnO is unknown. It is 
estimated by comparison with that of FeO for 
which Darken and Gurry” find 8600 cal. The melt- 
ing points of FeO and MnO are respectively 1643 
and 2058°K. If the heat of fusion of like substances 
is proportional to the melting temperature, that of 
MnO is about 10,700 cal. This enables us to write 
the equation: 


MnO (s) = MnO (liq.); AF° = + 10,700 — 5.2T [4] 


The free energy of the liquid iron oxide phase in 
equilibrium with iron has been redetermined very 
recently by Dastur and Chipman” who write the 
following equation for the free energy per gram 
atom of oxygen: 


xFe (lig.) + 1/2 O, (g) = Fe,O (in sat. lig.); [5] 
AF° = —56,830 + 11.947 


According to Darken and Gurry the value of x at 
1600°C is 0.988. The error involved in using the 
above equation for the free energy of FeO or of 


(FeO), is of the order of magnitude of RT In 0.988 
or about 45 cal. This can be ignored. 
Assuming ideality of the solution of manganese 


in liquid iron, its free energy” is: 
Mn. (lig.) —= Mn; AF* = —9.11T [6] 


The four equations (3, 4, 5 and 6) may now be 
combined to give the free energy change in reaction 
(1) and a calculated equation for Kun. 


Mn + FeO (liq.) = Fe (lig.) ++ MnO (liq.) [7] 
—  AF® (cale.) = —29,470 -+ 12.87T 
log Kua (cale.) = +6440/T — 2.82 


The line corresponding to this calculated equation is 
shown as line III of fig. 1. The agreement with the 
experimental results is better than is usually to be 
expected in such calculations. The best values for 
the manganese constant are represented by line IV 
which is drawn parallel to line III through the av- 
erage of the experimental points. The equation of 
this line is: 


log Kun (exp.) = +6440/T — 2.95 [8] 


Ionic Calculation: The slight uncertainty intro- 
duced by applying the free energy of Fe,O to an 
equilibrium constant involving (FeO); can be 
avoided by placing all calculations on an ionic basis. 
The reaction and its equilibrium constant then be- 
come: 


Fe** + Mn = Mn* + Fe (liq.) [9] 
Ky —— Caen” 
Aye*+ - JY Mn 


Values of this constant in these simple oxide slags 
are the same as would be obtained for the ordinary 
Kun if only ferrous oxide rather than (FeO); were 
employed. These are shown in the fourth column 
of table II. 

In the calculation of the ionic K+y,, Eq 3 and 4 
are applied to the ions Mn** and O-~ as being identi- 
cal with MnO. In the ferrous case, however, Eq 5 
is eliminated in favor of a corresponding equation 
involving Fe**. This is obtained from the calcula- 
tions of Chipman and Chang“ whose Eq 4 follows: 


Fe (lig.) + O = Fe* + O-- [10] 
Ayett Py ao =- 
ee % O 


log K = +6000/T — 2.57 


This equation also represents -fairly accurately the 
oxygen distribution data of the present experiments. 
From it the free energy change of Eq 10 is: 


AF° == —27,450 + 11.75T 


We must combine with this another equation from 
Dastur and Chipman”: 


1/2 O, = O; AF° = —27,930 —0.57T [11] 
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Now bringing together Eq 3, 4, 6, 10 and 11 we 
have: 


Mn + Fe* = Mn* + Fe (liq.) 
AF° = —30,920 + 13.63T 
log K*u, (cale.) = +6760/T — 2.98 


[12] 


The line representing this equation is the broken 
line of fig. 3. The parallel solid line gives our best 
representation of the data. Its equation is: 


log K+, (exp.) = +6760/T — 3.09 [13] 


Adjustment: Eq 8 and 13 differ from the corre- 
sponding calculated values by only 0.13 and 0.11 
units in log K. The calculated values may be 
brought into agreement with the observed by an 
appropriate small adjustment in one of the equa- 
tions employed. It seems best to make this adjust- 
ment by altering Eq 3 so as to obtain full agreement 
with Eq 13. This is done by numerically increasing 
the entropy term 4.575 & 0.11 or 0.50 units. The 
adjusted equation is: 


Mn (lig.) + 1/2 O. (g) = MnO (s) 
AF° — —97,000 + 21.40T 


[14] 


It is evident that the same adjustment is required 


in Eq 7 and 12 to yield the experimental Eq 8 and 13. 


Manganese Deoxidation: The maximum content 
of dissolved oxygen which may be present in 
equilibrium with slags containing only the oxides 
of iron and manganese is readily obtained from 
values of Ky, and L,. From Eq 1 and 2 we have: 


% O = L,./(1 + Kua [% Mn]) [15] 


Using the value of L, from solubility measurements® 
and of Ky, from Eq 8 we obtain the results shown 
by the solid lines of fig. 4. These lines and their 
dotted extensions represent metal compositions in 
equilibrium with liquid slags containing only the 
oxides of iron and manganese. On account of un- 
certainties as to the exact form of the phase diagram 
for the system FeO-Mn0O, the exact point at which 
the solid oxide phase appears is somewhat uncertain. 
The breaks shown in the curves correspond to points 
read from the liquidus line of Hay, Howart and 
White’. The broken lines representing equilibrium 


with solid oxide were not determined experimentally 


but were computed on the assumption of a constant 
value of Ky, in the solid solution. Needless to say, 
their positions are not accurately known. 


<p Summary 


* 


New experimental data are presented on the 
manganese equilibrium in liquid steel under simple 


slags consisting of the oxides of iron and manganese 


with small amounts of impurities. The new data 
lead to values of Ky, which are significantly higher 
than those of Koérber and Oelsen and in general 


‘somewhat above those of other investigators. 


Thermodynamic calculation from published data 
at lower temperatures gives results which agree 
fairly well with the experimental data. An adjusted 
equation is derived for the free energy of MnO. 

The distribution of oxygen between these slags 


‘and the liquid metal conforms to the solubility curve 


of Taylor and Chipman. This confirms Korber’s 
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PERCENT OXYGEN 


0.05 
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Fig. 4—Limiting Oxygen Content of Fe-Mn Alloys 
under Slags Containing only FeO and MnO. 


conclusion that the solubility of MnO in the bath 
is small. 
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some Effects of Phosphorus and Nitrogen 


On the Properties of 


by G. H. Enzian 


Low Carbon Steel 


Study of the effects of simultaneous small variations in phosphorus and nitrogen 
contents on the properties of low carbon steel show that these two elements have 
concomitant effects. The amounts of both elements present must be known to 

evaluate properly the significance of a change in either. 


4 Mew effects of phosphorus and nitrogen on the 
properties and behavior of low carbon steels 
are important considerations to both the manufac- 
turer and the user of such material. For one thing, 
these two elements are the principal points of dis- 
tinction between the chemical compositions of Bes- 
semer and open-hearth grades. Further, open- 
hearth steels themselves may vary considerably in 
nitrogen content depending on the raw materials 
and practice used. In addition, appreciable amounts 
of rephosphorized open-hearth steels are being used 
at the present time in some low alloy, high strength 
grades and in certain other cases. For these and 
other reasons, it was felt desirable to obtain more 
complete knowledge of the effects of simultaneous 
small variations in phosphorus and nitrogen content 
on such properties of low carbon steel as tensile 
strength, impact toughness, sensitivity to cold work, 
and strain aging. A long range investigational pro- 
gram designed to furnish such information, was 
carried out, and the present paper summarizes some 
of the data currently obtained. 


General Discussion 


The strengthening effect of relatively small 
amounts of phosphorus in steel has been recognized, 
and to some extent utilized, for many years. A num- 
ber of investigators have pointed out, from time to 
time, that under proper conditions of control, phos- 
phorus can be a useful alloying element in low 
carbon steels."* Nevertheless, in spite of the volume 
of data on the subject, the use of phosphorus for 
this purpose has always been handicapped by wide- 
spread feeling that its presence makes the steel 
brittle, difficult to cold work, and unreliable at low 
temperatures. This belief on the part of some steel 
users is not entirely justified in many cases, and 
often stems from early experience with acid Besse- 
mer steels which have appreciably higher phos- 
phorus (and nitrogen) contents than basic open- 
hearth grades. 

Nitrogen in steel, and its effect on properties, has 
also received considerable attention in the litera- 
ture.“ In 1906, Braune’ ascribed the brittleness of 
Bessemer rails to the nitrogen content, and proposed 
a schedule of nitrogen limits for steels for various 
uses. This was one of the first papers to recommend 


directly the use of nitrogen content as a quality 
control measure, but it did not meet with much 
favor or support; as a matter of fact, the Jernkon- 
toret was rather sharply criticized for publishing 
the paper. In the intervening years a number of 
papers have been published on the subject of nitro- 
gen in steel. As a result, it is now generally recog- 
nized that nitrogen can have an important effect 
on the properties and behavior of steel and that the 
presence of this element should be considered in 
any systematic study of factors affecting steel qual- 
ity. 

In 1932, Graham’ introduced the concept that the 
quality of various steels could conveniently be eval- 
uated and compared in terms of “sensitivity”, which 
was defined as “the characteristic reaction rate of 
a piece of steel toward brittleness or hardness.” This 
concept formed the basis for a broad research pro- 
gram into factors causing variations in the quality of 
commercial steels. At an early stage of this work, it 
became apparent that the observed effect of either 
phosphorus or nitrogen on the sensitivity of steel 
depended, in no small measure, on how much of 
the other of these two elements was also present. 
Indeed, the combined effect of phosphorus and nitro- 
gen in steel may often be more important than the 
specific effect of either. With a few exceptions, it 
is not possible to predict accurately the effect on 
steel properties of a change in the amount of either 
phosphorus or nitrogen in the steel without also 
specifying the approximate amount of the other 
element. 

It seems desirable, at this point, to discuss briefly 
the distinction between strain-sensitivity and strain 
aging as used in this paper. In the early stages of 
its development, the work-brittleness test’ (which 
will be described in more detail later) was used. 
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Table I. Work-Brittleness Test Results 


Izod Impact—Ft-lb 
Percent Cold Work 


steels. 
Heat No. P No 0 (Unstressed)* 
A-636 0.018 0.008 97 
A-637 0.018 0.008 101 
A-638 0.012 0.010 101 
A-639 0.012 0.012 102 
A-640 0.018 0.013 102 
A-642 0.012 0.012 98 
A-653 > 0.063 0.004 100 
A-654 0.043 0.005 98 
A-654-2 0.953 0.005 97 
A-655 0.052 0.004 98 
A-657 0.083 0.004 99 
A-658 0.096 0.007 82 
A-660 0.138 0.004 50 
A-661 0.039 0.011 102 
A-662 0.040 0.012 82 
A-663 0.090 0.012 77 
A-664 0.051 0.011 84 
A-666 0.099 0.010 54 
A-667 0.096 0.006 79 
A-669 0.123 0.008 34 
A-671 0.096 0.012 50 
A-673 0.112 0.013 35 
A-684 0.052 0.011 72 
A-685 0.122 0.006 58 
A-688 0.014 0.005 95 
A-691 0.020 0.006 94 
A-692 0.123 0.004 50 
A-693 0.105 0.008 68 
A-694 0.117 0.013 42 
A-696 0.039 0.012 97 


0.7 2.6 4.5 6.3 8.7 
92 86 } 79 70 22 
96 92 73 18 8 

100 93 79 11 5 
92 35 25 5 5 
90 26 5 5 5 
92 32 26 13 5 
97 88 81 26 16 
96 88 80 74 17 
96 88 84 79 28 
98 90 84 51 20 
98 90 20 8 6 
65 29 23 10 3 
33 3 4 4 2 
95 81 27 21 5 
51 29 19 15 4 
38 13 8 3 3 
34 21 3 3 3 
34 20 9 3 3 
54 22 7 8 3 
15 3 3 3 3 
32 7 6 3 3 
11 3 3 3 3 
41 25 10 3 3 
25 6 4 4 3 
95 83 79 73. 70 
85 83 72 70 22 
29 3 4 2 2 
we 32 6 6 3 
30 4 4 3 3 

100 32 21 19 8 


* Unstressed Izod value average of three tests. 


to obtain a measure of the susceptibility of a steel 
to cold-work embrittlement. Specimens were nor- 
mally tested within a few hours after the cold work- 
ing operation, although on some occasions a day 
or two might elapse before testing. As work on the 


general subject of the effects of cold deformation 


progressed, it became apparent that an appreciable 
amount of strain aging might take place with some 
steels before the specimen could be tested after 
cold working. Therefore, to minimize variations due 
to differences in strain-aging rates in different ‘steels, 
it was felt-desirable to subject all tests to an acceler- 
ated aging treatment. Thus, the test actually shows 
the extent of embrittlement resulting from the com- 
bination of cold working plus strain-aging embrit- 
tlement induced by different amounts of straining. 
For convenience, however, it has been customary to 


use the less cumbersome term, “strain-sensitivity”, 
in referring to this behavior. 

A test for aging capacity should be used in con- 
junction with. the work-brittleness test in order 
to obtain an indication of the role of strain aging 
in the strain-sensitivity of a steel. For example, if 
the work-brittleness test results on a steel show 
sensitive behavior and the aging test does not indi- 
cate appreciable strain aging, it is then apparent 
that the embrittlement obtained was due primarily 
to the effect of cold working. If the test results show 
both sensitive behavior and high aging capacity, the 
observed embrittlement must be considered to be 
the result of both the cold working operation and 
the effects of strain aging. Although it appears pos-- 
sible that a non-aging steel might be relatively 
sensitive to cold work, no indications have been 
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found which would support the possibility of an 
aging steel being insensitive. 
Material and Methods 

To obtain material with varying phosphorus and 
nitrogen contents but having a uniform history in- 
sofar as steelmaking and processing practices were 
concerned, a number of 25-lb induction furnace 
heats of the following general ranges of chemical 
composition were prepared: 


Composition 


the test and the test specimen increases in hardness 
and strength as it is deformed. The choice of 500° F 
for the test temperature was an approximation and 
was selected for convenience. 

The strain-sensitivity of the steels was deter- 
mined using the work-brittleness test in the manner 
described in a previous paper.” Briefly, the test con- 
sists of cold drawing a round bar, tapered from 0.450 
to 0.475 in. diam, through a 0.450 in. die. The 

drawn bar, with varying amounts of 
cold work (0 to about 10 pet reduction 
in area) along its length, is at 450°F 


, (230°C), and broken in an Izod ma- 
Series Cc Mn i s Si Ne : 
chine. oes 
P (low Na) | 0.18/0.16 | 0.50/0.60 | | Varying | 0.025 max | 0.15 max 0.004/0.006 eee ete manos ot 
Nowe) 0:13/0.16 6.50/0%60 $018/0.020 eOoe ee Cas mae ana temperature in the course of the work- 
0,004/0.018 brittleness studies. The amount of ma- 
NP (high P) | 0.13/0.16 | 0.50/0.60 | 0.095/0.120 | 0.025 max | 0.15 max Dae terial available ayaetinen Mem oe ce 
tailed study of the low temperature im- 
pact behavior of these steels. 
The heats were made in acid crucibles and the 
desired phosphorus and nitrogen contents were ob- 4230 
tained by blending selected open-hearth and Bes- 5 
semer scrap. The only additions made to the heats 4 
were small amounts of ferromanganese to-meet the a 25 
carbon and manganese specifications, and sufficient oe 
ferrosilicon to assure sound ingots in the 3x3 in., 8 20 
big-end-up, hot top molds. It was originally in- Dy sateen 
tended that the ranges of phosphorus and nitrogen Gu: ae ae 
contents to be studied would encompass the varia- s- [5 + = aaa 
tions normally encountered in low carbon, Bessemer, =) 
open-hearth, and duplex steels. This was accom- Dk io 
plished reasonably well with the exception of Bes- is 
semer-range nitrogen content. It will be noted that 9 
the upper nitrogen limit in these induction furnace = 


heats was 0.013 pct; this is somewhat below the 
normal range of 0.012 to 0.020 pct nitrogen for 
Bessemer steel. The reason for this limitation is loss 
of nitrogen in remelting high nitrogen scrap. It 
was observed that when melting scrap containing 
less than about 0.008 pct nitrogen there was a ten- 
dency for a nitrogen pick-up. With scrap containing 
more than about 0.012 pct nitrogen, some nitrogen 
was lost in making the heat. This behavior has 
been observed by others and has recently been noted 
by Dickie.* 

The ingots were rolled in a laboratory mill to 1% 
in. square bars which were cropped at top and bot- 
tom, cut in half and identified as top or bottom 
sections. These lengths were rolled to 54 in. square 
bars and normalized at 1650°/1675° F before testing. 

The composition of the material tested was de- 
termined on drillings from the ingot approximately 
14% in. below the hot top portion. 

The relative aging susceptibility of the various 
steels was measured by the increase in tensile 
strength at 500°F over the room temperature 
strength. Similar “blue heat” tests have been used 
by a number of investigators as a rapid’ means of 
obtaining an index of strain aging capacity. It has 
been observed that, with aging steels, the tensile 
strength at “blue heat” temperatures (400°-500°F) 
increases appreciably whereas in non-aging or 
“stabilized” steels, the tensile strength remains sub- 
stantially unchanged or shows a slight decrease from 

-the room temperature value. This behavior has 
been explained on the basis that at the elevated 
testing temperature, strain aging takes place during 
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Fig. 3—Effect of Nitrogen on aging behavior. 


The change in aging characteristics with change in nitrogen 

content is most marked below about 0.008 pct nitrogen. Note 

that data for both high and low phosphorus steels are in- 
cluded in this graph. 
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Tests were made on top and bottom sections of 
the heats and check analyses for phosphorus and 
nitrogen were run for each test. In the case of ten- 
sile tests for aging behavior, two specimens were 
machined from a single short length, one for room 
temperature testing and the other for testing at 500° 
F. Millings for check analysis were obtained from 
material between the two specimens. In the work- 
brittleness tests, millings were usually taken from 
that portion of the specimen which was gripped 
in pulling it through the die and which was between 
the cold drawn part of the test and the unstressed, or 
standard, Izod specimen. When additional tests were 
made on any of the heats, millings for analysis were 
taken from the broken specimens. 


Test Results 


Tensile Properties: In order to present the test 
data conveniently, the heats were grouped into high 
and low nitrogen, and high and low phosphorus 
categories and the results have been plotted graphi- 
cally. 

Fig. 1 shows the effect of phosphorus in low 
(0.004/0.006 pct) and high (0.011/0.013 pct) nitro- 
gen steels. It will be noted that, in general, increas- 
ing phosphorus increased the yield point and tensile 
strength of both the low and high nitrogen steels. 


120 


Fig. 4—Effect of Phosphorus 
on work-brittleness test 


behavior. 


Variations in phosphorus from 0.015 to 
0.120 pct resulted in a greater change in 


the reaction of the low nitrogen steels 
to cold work than similar phosphorus 
variations in the higher nitrogen material. 
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Fig. 5—Effect of Phosphorus on strain sensitivity. 

These data show that the change in strain-sensitivity with 

change in phosphorus content, particularly below about 0.120 

pet phosphorus, is more marked in low than in high nitrogen 
steels. 


However, it is interesting that in the low nitrogen 


. steels, a definite effect of the phosphorus on the 


tensile strength was not apparent for amounts less 
than about 0.050 pct. In the higher nitrogen steels, 
the data show a progressive increase in tensile prop- 
erties with phosphorus over 0.020 pct. It is also 
interesting that, in the low nitrogen steels espe- 
cially, phosphorus had a greater effect on the ulti- 
mate strength than on the yield point. Variation in 
phosphorus had little effect on the elongation and 


10 


reduction in area values for these steels, and the 
results have not been plotted. 

The effect of nitrogen on the tensile properties of 
low (0.012/0.020 pct) and high (0.096/0.123 pct) 
phosphorus steels is shown in fig. 2. In general, 
nitrogen affects these properties in a manner similar 
to phosphorus. Although the data are limited, the 
results indicate that variation in nitrogen content 
in low phosphorus steels results in a somewhat 
greater change in the yield and tensile strengths 
than similar nitrogen variations in high phosphorus 
steels. Apparently, when appreciable amounts of 
phosphorus are present, the effect of nitrogen on 
tensile properties is largely overshadowed by the 
influence of phosphorus. As was the case with 
phosphorus, variations in nitrogen content had little 
effect on elongation and reduction in area values. 

Aging Behavior: Study of strain-aging suscepti- 
bility, based on the increase in tensile strength at 
“blue heat”? over the room temperature strength, 
indicates that phosphorus does not noticeably affect 
this behavior of steel, the general level of the in- 
crease being essentially independent of variations in 
phosphorus from about 0.012 to 0.120 pct. 

The effect of nitrogen on the increase in tensile 
strength at 500°F is shown graphically in fig. 3; 
data for both high and low phosphorus steels have 
been included. Changes in nitrogen content up to 
about 0.008 pct were accompanied by pronounced 
changes in aging characteristics but beyond that 
amount, the increase per unit of nitrogen change 
became progressively less. These results appear 
particularly significant since they indicate that 
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Fig. 7—Effect of Nitrogen on strain sensitivity. 
In low phosphorus steels the effect of nitrogen on sensitivity 
is more pronounced when present in amounts greater than 
about 0.010 pct. Variation in nitrogen content within the 
limits studied, affects this behavior of high phosphorus steels 

relatively little. 


minor variations in the nitrogen content of low 
nitrogen open-hearth steels result in a greater 
change in aging susceptibility than similar varia- 
tions in steels containing nitrogen contents in excess 
of 0.010 pct. 

Strain-sensitivity: The work-brittleness test re- 
sults are listed in table I. Because of the confusing 
maze of curves which would be obtained if an at- 
tempt were made to plot each test, the results were 
summarized and the effect of phosphorus is shown, 
schematically, in fig. 4. It is seen in the figure that 
any generalization on the effect of phosphorus on 
strain-sensitivity must be qualified according to the 
nitrogen content of the steel. It will be noticed 
that with 0.004 to 0.006 pct nitrogen, variation in 
phosphorus from 0.015 to 0.120 pct resulted in a 
change in strain-sensitivity covering the full range 
from exceptionally insensitive to very sensitive be- 
havior. On the other hand, the higher nitrogen steels, 
even those of low phosphorus content, seemed to be 
inherently sensitive to cold working, and the change 
in sensitivity with change in phosphorus covered a 
somewhat narrower range than was the-case with 
lower nitrogen content. 

In order to illustrate the effect of varying phospho- 
rus on strain-sensitivity in a more quantitative 
manner, the Izod values obtained at each percentage 
of cold work used in the test, including the un- 
stressed value, were totalled for each work-brittle- 
ness test. This method gives a relative measure of 
the area under the work-brittleness curve and pro- 
vides a convenient index for expressing the test 
results as a single number. It is apparent that an 
insensitive steel will have a high total and a sensi- 
tive steel will be low. 

The data in table I were totalled in this manner 
and the effect of phosphorus is shown in fig. 5. This 
figure shows somewhat more clearly that, in the low 
nitrogen steels, the change in sensitivity with in- 
creasing phosphorus is gradual up to about 0.080 
pet and becomes more rapid between 0.080 and 
0.120 pet phosphorus. The sensitivity of the higher 
nitrogen steel is equivalent at 0.015 pct phosphorus 
to that of the low nitrogen steel with about 0.080 
pet phosphorus. At about 0.120 pct phosphorus, the 
low and the high nitrogen steels are equally sensi- 
tive. 

The effect of nitrogen on the work-brittleness of 
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Fig. 8—Effect of Phosphorus on Izod impact. 


The amount of phosphorus needed to cause a decrease in Izod 
toughness depends on the amount of nitrogen present. 
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Fig. 9—Effect of Nitrogen on Izod impact. 
The effect of change in nitrogen between 0.005 and 0.013 pct 
on Izod toughness is dependent on the phosphorus content. 


low and of high phosphorus steels is shown in fig. 6. 
It is seen that the change in sensitivity with in- 
creasing nitrogen covers a wider range in the low 
phosphorus steel than in the higher phosphorus 
material. The effect is shown graphically by plot- 
ting the total of the work-brittleness Izod values for 
each specimen against nitrogen in fig. 7. It will be 
noted that, in the low phosphorus range, the change 
in sensitivity with increasing nitrogen is not very 
great up to about 0.009 pct nitrogen. With higher 
nitrogens, however, the effect is more pronounced, 
and a difference of 0.001 pct in the nitrogen content 
results in a marked difference in strain-sensitivity. 
With phosphorus between 0.096 pct and 0.117 pct, 
variations in nitrogen content produce a less pro- 
nounced change in sensitivity to cold working than 
in the low phosphorus steels. It would appear from 
the figure that a high phosphorus steel with 0.004 
pet nitrogen is, roughly, equivalent in sensitivity 
to_a low phosphorus steel with about 0.013 pct 
nitrogen. 

Impact Toughness: The effect of phosphorus on 
room temperature Izod toughness is shown in fig. 8. 
Although it is generally considered that phosphorus 
contributes to the embrittlement of steel, the amount 
of phosphorus necessary to cause a drop in impact 
toughness can be seen to depend on the nitrogen 
content. With nitrogen in the range of 0.004 to 0.006 
pct, phosphorus did not become an embrittling agent 
until a content in excess of about 0.080 pet was 
reached. On the other hand, with a nitrogen content 
of 0.011 to 0.013 pct, the Izod impact toughness fell 
off continuously with increasing amounts of phos- 
phorus. 
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Fig. 10—Effect of Phosphorus and Nitrogen on microstructure. 
a. Heat A-691: 0.020 pct phosphorus; 0.006 pct nitrogen. b. Heat A-685: 0.122 pet phosphorus; 0.006 


pet nitrogen. c. Heat A-642: 0.012 pct phosphorus; 


0.012 pet nitrogen. d. Heat A-694: 0.125 pct 


phosphorus; 0.012 pct nitrogen. Micrographs 100X; etched 4 pct Nital. Normalized 1650°/1675°F. Note 
the apparent effect of phosphorus on grain coarsening; no noticeable effect of nitrogen. a and c: 
low phosphorus. b and d: high phosphorus. a and b: low nitrogen. c and d: high nitrogen. 


The presence of appreciable amounts of nitrogen 
also is generally assumed to result in brittleness of 
steel, but it was found that the effect of nitrogen, in 
this respect, depends a great deal on the phospho- 
rus content. This can be seen in fig. 9 where it is 
shown that, when the amount of phosphorus present 
was low, increasing nitrogen contents up to about 
0.013 pct actually raised the Izod value of these 
steels. But with steels containing phosphorus within 
the usual Bessemer range, increasing amounts of 
nitrogen resulted in a continuous decrease in Izod 
toughness. 

Microstructure: Micrographs illustrating. the ex- 
tremes of phosphorus and nitrogen combinations 
used in this study are shown in fig. 10. All samples 
were normalized at 1650° to 1675°F. There was no 


indication of phosphorus banding in any of the 


samples examined. This may be due to the very 
rapid rate of freezing obtained in the 3x3 in. molds 
which, together with the silicon-killed practice, 


~ tended to minimize segregation. The only noticeable 


effect of either element on microstructure was the 
higher percentage of Widmanstatten structure in 
the high phosphorus steels. The low phosphorus 


steels contained only traces of this structure, and no 


differences in structure due to nitrogen were noted. 


‘These results would seem to indicate an effect of 


phosphorus on grain coarsening, but this possibility 
has not been thoroughly explored. 

Effect of Deoxidation Practice: The steels used in 
the present study were silicon-killed in order that 


sound ingots would be obtained from the small in- 
duction furnace heats. Before concluding, it seems 
appropriate to mention briefly some of the effects 
of deoxidation practice on the properties under con- 
sideration. This subject has been discussed in more 
detail in a previous paper,’ where it was shown that 
the effect of nitrogen on the strain-sensitivity of 
undeoxidized (rimmed) steels is, in general, appli- 
cable to silicon-killed material, but not always to 
steels killed with aluminum. When properly made, 
aluminum-killed steels, whether open-hearth or 
Bessemer, are insensitive to cold work as measured 
by the work-brittleness test.°” This effect of alumi- 
num on strain-sensitivity has been associated with 
the formation of aluminum nitride.” However, it 
still is not known whether the aluminum nitride 
contributes to insensitivity merely by rendering the 
nitrogen inactive or whether the presence of the 
aluminum nitride is actually beneficial. 

_ The effect of aluminum killing on the sensitivity 
of a low phosphorus steel high in nitrogen could be 
explained rather easily on the basis of the nitrogen 
being rendered inactive. Low phosphorus steels are 
insensitive to cold work when the nitrogen content 
is low (fig. 6 and 8). Thus, an aluminum-killed, low 
phosphorus steel high in nitrogen (such as heat E 
in fig. 2 of the paper by Work and Enzian”) has 
strain-sensitivity characteristics similar to the same 
steel with low nitrogen content. Application of this 
reasoning to the high phosphorus steels is hampered 
by the fact that even with the lowest nitrogen con- 
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tent available for study (about 0.004 pct), silicon- 
killed, high phosphorus steels are rather sensitive to 
cold working (fig. 6 and 7), whereas a similar steel, 
when aluminum-killed, is insensitive. It may, of 
course, be possible that a high phosphorus steel 
containing no nitrogen would be insensitive to cold 
working even though not aluminum-killed. This is 
an interesting possibility, but one that requires 
rather severe extrapolation of the lower curve of 
fig. 7 which the available data do. not appear to 
justify. Therefore, although the present evidence is 
admittedly indirect, it seems reasonable to suspect 
that the effect of aluminum-killing on the properties 
of low carbon steels probably goes somewhat be- 
yond mere “fixation” of the nitrogen. 

It should be mentioned that other deoxidizers, 
notably titanium and vanadium and some other less 
commonly used elements, will, under proper condi- 
tions, produce results similar to those observed with 
aluminum. It is known that these elements can also 
form stable nitrides in steel, and, in this respect, 
behave similarly to aluminum. Further work on the 
subject is currently in progress and, with the recent 
development of an analytical technique which per- 
mits determination of the form of nitrogen in steel,” 
it is hoped that these studies will soon lead to a 
better understanding of the role of nitrogen in steel 
and the mechanism of control of properties by de- 
oxidation. 

Discussion of Results 

Before discussing the results of the present study, 
it might be interesting to review Stromeyer’s™ 
observations of forty years ago on the effects of 
phosphorus and nitrogen in steel. After testing 26 
different ‘‘qualities” of steels for susceptibility to 
notch brittleness and aging, Stromeyer, in 1909, 
concluded: “Nitrogen is a far more dangerous im- 
purity than even phosphorus, and as its determina- 
tion is a relatively simple matter, no investigation 
which deals with a steel failure can be considered 
complete if the percentage of nitrogen has not been 
determined.” In the light of present knowledge, this 
is, indeed, sage advice even though it has received 
general acceptance only in recent years. In 1910, 
Stromeyer simplified some of his previous calcula- 
tions and reached the more specific conclusion that, 
by weight, nitrogen was five times as effective as 
phosphorus in its effect on brittleness. 

In a recent study of the properties of a modified, 
low nitrogen, basic Bessemer steel, Dickie® con- 
cluded that the basis suggested by Stromeyer was 
“as good as any, assuming, of course, no fixation of 
the nitrogen.” He reported that the relative merits 
of the steel in relation to work-hardening suscepti- 
bility could be determined using the index (P + 
5N) X< 1000. He further concluded that the maxi- 
mum index for capped steel for tube-making is 80. 
The question of the validity of this empirical quality 
control index is not within the scope of this paper. 
However, it should be pointed out that in neither 
of these references was conclusive evidence pro- 
vided to support the basic generalization that 
“nitrogen is five times as effective as phosphorus.” 

The results obtained in the present investigation 
indicate that any generalization as to the relative 
effectiveness of either phosphorus or nitrogen on the 
properties of low carbon steels would be valid only 
over a limited range of composition. 


The absence of an effect of phosphorus, between 
0.012 and 0.120 pct, on aging behavior is of particu- 
lar significance. For a considerable period of time, 
it had been felt that strain-sensitivity and strain 
aging were merely different manifestations of the 
same basic behavior. However, the present tests 
indicate that the effect of phosphorus is primarily 
that of embrittlement by cold working rather than 
by strain-age embrittlement and that nitrogen in 
certain forms causes both strain aging and embrittle- 
ment during deformation. 

The observed differences in the effects of phos- 
phorus and nitrogen, depending on the amount of 
each present, are of direct practical significance. For 
example, dephosphorization of Bessemer steel ac- 
complishes relatively little from the standpoint. of 
sensitivity, when the nitrogen content is high. On 
the other hand, an equal amount of phosphorus re- 
duction in low nitrogen material produces a marked 
improvement in sensitivity. These results indicate 
that appreciable quality advantages could be real- 
ized from the development of blowing practices to 
produce low nitrogen Bessemer steel having a phos- 
phorus content less than about 0.080 pct. The same 
data can also be used to show that rephosphorizing 
open hearth grades to phosphorus contents higher 
than about 0.070 pct results in an abrupt increase 
in sensitivity. These phosphorus changes likewise 
have significant effects on the tensile properties. 
With low nitrogen content, appreciably greater soft- 
ening is obtained per unit of phosphorus removed 
than in high nitrogen steel. Similarly, in rephos- 
phorizing open-hearth steel, the tensile strength in- 
creases rapidly above about 0.060 pct phosphorus. 

The data show that reduction of the nitrogen con- 
tent of acid Bessemer steel can be expected to pro- 
duce a relatively slight improvement in sensitivity 
as compared to the advantage gained in a basic 
practice. It is also shown that the nitrogen content 
of duplex practice open-hearth steels is a significant 
factor, although the change in sensitivity with a 
given increment in nitrogen is less pronounced be- 
low about 0.010 pct nitrogen than above. From the 
standpoint of strain aging behavior, however, the 
most significant range is below about 0.009 pct 
nitrogen. 

Deoxidation with aluminum and certain other 
elements has been shown elsewhere to alter the 
effects of phosphorus and nitrogen observed in 
silicon-killed, capped, and rimmed steels. Little 
work has been done on determining the extent to 
which aluminum deoxidation restrains the em- 
brittling effects of other elements such as arsenic. 
It should also be mentioned that variations in the 
amounts of carbon, manganese, sulphur, etc. present 
may have some influence on the effects of phospho- 
rus and nitrogen. As more work is done in this field, 
certain aspects of inter-relationships between con- 
stituents become clearer, but at the same time new 
questions arise. Further study is indicated to explain 
more fully the various factors affecting brittleness 
in mild steel. 


Summary and Conclusions 


Study of the tensile and impact properties, sensi- 
tivity, and strain aging of a number of induction 
furnace heats containing varying amounts of phos- 
phorus and nitrogen has brought to light several 
interesting and important facts concerning these 
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two elements in low carbon steel. Although the 
effect of one in the absence of the other has not been 
determined, there are indications that phosphorus 
and nitrogen exert additive effects and, with the 
exception of strain aging behavior, the relative 
amounts of both elements must be considered in 
evaluating either. In the case of strain aging, phos- 
phorus apparently contributes so little that the 
aging behaviors of high and low phosphorus steels 
with the same nitrogen contents are virtually in- 
distinguishable. : 

Based on the results of this study, it may be con- 

cluded that, from a practical standpoint: 

1. Nitrogen variations in low phosphorus steel 
have a greater effect on its properties than 
similar variations in high phosphorus material. 

2. Phosphorus variations in low nitrogen steel 
produce a greater change in properties than 
similar variations with high nitrogen contents. 

3. Deoxidation with aluminum, and certain other 
elements, alters the above observations. Thus, 
the degree of nitrogen “fixation” is of import- 
ance and must be known for intelligent evalua- 
tion of steel quality based on chemical com- 
position. Recent developments in the field of 
analytical chemistry indicate that such de- 
terminations are now within the realm of prac- 
ticability. 
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Proc. A.S.T.M. 


Special Mounting Techniques 


by Earl C. Roberts 


O facilitate some recent microscopic investiga- 
tions it was necessary to devise special mounting 
techniques for the polishing of two quite different 
metallographic specimens. These techniques are ex- 
tremely simple and are submitted for whatever 
value they may be to other investigators. 
The first specimen mount proved very satisfactory 
for the study of untempered martensite. Since it 
was undesirable to heat the specimen, lucite or 


-bakelite mounting materials could not be used in 


the conventional manner. A cold mount was made 
by drilling a hole of the same diameter as the speci- 


men ina cylindrical piece of polystyrene then press- 
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ing the steel specimen into the hole on an ordinary 
vise. A prefabricated disk of lucite should work 
equally well. The only precautions necessary are 
that the hole be drilled out cleanly and the piece 


of steel be pressed into the plastic uniformly, other- 
wise the mount will crack. 

The second type of mount was required for the 
study of slag specimens by reflected light. Mounting 
these specimens in bakelite and then attempting to 
rough finish the surfaces on graded emery papers 
resulted in a considerable amount of chipping and 
breaking out of the slag particles. This made further 
satisfactory polishing almost impossible. It was 
found, however, that if the bakelite-mounted speci- 
men was first rough finished to a point where a 
good specimen surface became visible, the interstices 
in the specimen surface could be filled and the 
polishing completed. This filling was accomplished 
by placing a small amount of lucite powder in the 
bottom of the steel specimen mold then reinserting 
the bakelite-mounted specimen on top of the lucite 
powder. Reheating the mold to the proper tempera- 
ture and applying the required pressure resulted 
in the formation of a thin disk of lucite on the bottom 
of the bakelite specimen. By carefully grinding the 
lucite away a uniform surface including the slag 
specimen was obtained and further polishing was 
unhampered by slag disintegration. 
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Microstructure of lron Silicon Alloys 


As Developed by the 


Powder Metallurgy Process 


by R. Wachtell 


This paper attempts to present, by means of a succession of micrographs, a 
literal picture of a portion of the diffusion process occurring in iron-silicon powder 
compacts. It discusses the metallographic characteristics of Fe-Si alloys (especially 
in the 6 pct Si range), compounded by the powder process, and describes various 
misleading pseudomorphic structures encountered in microscopic investigation. An 

etch is described which indicates Si content within certain rather wide ranges. 


N order to study better the phenomena at work in 

various phases of diffusion of the Fe/Si system 
when compounded and alloyed by powder metal- 
lurgy methods, several attacks have been planned. 
Electrical, hardness and other measurements have 
been discussed elsewhere.*}* The metallographic 
phenomena will be considered here. 

Concerning the metallography of the ferrosilicon 
alloys, some initial discussion is in order. As this 
laboratory discovered to its chagrin, there are many 
traps that lie in wait for even the experienced metal- 
lographer when he deals with alloys of high’ silicon 
content. Chief of these is probably the anomalous 
behavior of these materials under conventional etch- 
ing techniques. 

We have before us, for instance, Corson’s paper® 
of 1928, wherein is mentioned and illustrated (prob- 
ably for the first time) the peculiar “barley shell’ 
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structure sometimes found in these alloys. Again in 
1941* the same author reports the structure in 5-14 
pet silicon irons. Houghton and Becker mention its 
presence’ but make only tentative effort to explain 
it. In 1943, Hurst and Riley*® discussed the ‘‘barley 
shell” and declared it to be a false structure, result- 
ing from the peculiar and characteristic film-form- 
ing propensities of the alloy. At about the same time, 
Wrazej’ proved correct the contentions of Hurst 
and Riley, establishing pretty well the mechanisms 
of formation and identifying the constituents in- 
volved. 

Hurst and Riley’ also describe in their paper 
(1943) a “cracked film” structure, also a pseudo- 
morph, the precise nature of which they do not sug- 
gest. Careful examination of such a film reveals that 
it not only cracks but begins to curl away from the 


surface of the metal and peel, much in the manner 
of flaking paint. The careful microscopist will be 
able to focus on the topmost edge of the flake, and, 
by optical sectioning, follow it down to the metal 
surface. We have been able, by oblique illumination 
of such specimens, to observe the raised segment of 
the film, the shadow that it casts, and the mating 
segment on the metal into which it fits. As late as 
1946, Hurst and Riley* found occasion to correct mis- 
interpretation of this ‘‘cracked film” structure in a 
work by others on a 12 pct Si/Fe alloy. 

The “barley shell” and “cracked film’ pseudo- 
morphs are not the only ones encountered in studies 
of these materials. A third pseudomorph, which 
may, however, have some structural significance is 
a fine striation of the surface. Closely spaced and 
parallel striae extend entirely across single grains. 
Each grain shows a different direction for the striae, 
and different closeness of the spacing. The regular- 
ity of this structure, and the fact that the striae do 
not cross from one grain to another, suggest that the 
structure is a film cracking controlled in some way 
by the crystal plane orientation of the surface be- 
ing etched. 

In general it is wise for the metallographer dealing 
with these alloys to cultivate a feeling of uncertainty 
not only of the more complex questions of inter- 
pretation, but also of the basic question of whether 
that which he sees is indeed a true representation 
of the structure. We have taken, as a first test of 
the validity of a structure, its reproducibility “in 
situ” after repolishing and re-etching of the samples. 
Thus we knew the “barley shell” to be false (fig. 1) 
even before encountering the definitive works on the 
subject. 


The Metallography of Silicon Diffusion in Lami- 
nate Bars: As a first step in the study of the metal- 
lography of the diffusion process, we have pressed 
a series of laminate bars. These bars, or “sand- 
wiches”’ as we have termed them, were pressed with 
covering layers of iron powder, and a “filler” of 
the Fe/Si master alloy under study. Bar dimensions 
were approximately % x 3 x % in. The total 
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Fig. 1 (top)—10 pct Silicon-Iron alloy homogenized 
by 9 hr of sintering at 1180°C. 


Iron fluoride crystals which constitute the ‘barley shell’ 

pseudomorph nucleate first at any surface discontinuity. 

Grain boundaries, cracks, pores, etc. are therefore preferred 

sites. If etching is continued, the entire surface is covered 

with “barley shell’. Re-etching after a re-polish results in 

different crystal deposit patterns. X300. Etchant: 15 pct HF, 
15 pet HCl, 70 pct Picral. 


Fig. 2 and 3—Diffusion process in laminate bar 


75/25 Fe/Si master alloy, end composition 10 pet Si. 


Fig. 2 (center)—Interface of master alloy powder with iron 
powder. Condition: As hot pressed (1080°C). X500. Picral 
etch. 


Fig. 3 (below)—Interface of same laminate bar shown in fig. 
2 after sintering 25 min at 1180°C. X300. Picral etch. 


Fig. 4 and 5—Diffusion process in laminate bar 
75/25 Fe/Si master alloy, end composition 10 pet Si. 
Fig. 4 (above)—Interface of laminate bar showing the effect 
on the pearlite of diffusing silicon. The specimen shown is 


the same one illustrated in fig. 3 (hot pressed, plus 25 min 
sinter). X100. Nichols partly crossed. Picral etch. 


Fig. 5 (below)—The same laminate shown in fig. 2, 3, 4 after 

an additional 9 hr of sintering at 1180°C. An interface no 

longer exists. The entire compact presents this uniform sub- 
stantially single phase ferritic structure. 


amounts of powder used were adjusted to yield a 
final analysis of given type. Some specimens were 
hot pressed (1080°C), some cold pressed, and all 
were sintered for varying lengths of time.’ After 
each of the sintering stages, a segment of the bar was 
removed for microexamination, and the balance of 
the bar returned for further sintering. The types of 
material used are listed in table I. 

Let us consider the microstructure developed in 
these laminate bars. Fig. 2 shows the interface of a 
hot pressed bar compounded of 75/25 ferrosilicon 
master alloy. The lack of diffusion between the iron 
grains and the large ferrosilicon particle is quite evi- 
dent. Fig. 3 shows this interface after a 25 min sinter 
at 1180°C. The initial site of the iron powder within 
the compact is outlined by the extent of its char- 
acteristic porosity, which persists to the line of the 
more completely densified zone at the upper portion 
of the figure. Above this densified zone (and out of 
the field of this figure) is a zone of unconsolidated 
individual Fe/Si powder particles. An interesting, 
albeit confusing, element is added to the picture in 
the form of carbon incorporated either in the pow- 
ders themselves, or picked up from the graphite dies 
during hot pressing. Fig. 3 shows clearly the pres- 
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Fig. 6 and 7—The “Barley Shell” etch as used to 
indicate Silicon diffusion in Iron. 


Fig. 6 (above)—The effect of the “Barley Shell” etch when 
applied to the specimen illustrated in fig. 3, 4 


Fig. 7 (below)—The effect of the “Barley Shell’ etch on that 

zone of the same laminate (fig. 3, 4, 6) but at the interface 

with unconsolidated and undiffused master alloy particles at 

the center of the bar. 

ence of pearlite in the iron powder. It also shows 
clearly its absence from the densified zone, the area 
immediately below it, and its progressive elimina- 
tion from the zone of partial diffusion adjacent to 
the iron powder. Taking advantage of the behavior 
of pearlite in polarized light, the micrograph in 
fig. 4 has been taken (nichols crossed), showing the 
dramatic effect on the pearlite of the advancing 
silicon layer. Ihrig’ has shown that carbon rejected 
by the iron as it absorbs silicon (during siliconizing) 
piles up in the zone under the silicon boundary, and 
gives analyses of turnings to demonstrate this. This 
pattern of pearlite buildup is plainly visible in the 
laminates after longer sintering times. 


Fig. 8 and 9—Diffusion process in 6 pct Silicon-Iron 
compacts, as hot pressed from Iron and 75/25 
Fe/Si master alloy powders. 


Fig. 8 (above)—The dark areas in this micrograph are pearl- 

ite colonies, the lamellae unresolved at the low magnification 

used. The light areas are diffusing Fe/Si particles. 100. 
Alcohol/Iodine etch. 


Fig. 9 (below)—The specimen of fig. 8 etched with the 

“Barley Shell” etch. The pearlite colony has been severely 

attacked, and no detail remains. X500. Etchant: 15 pet HF, 

15 pet HCl, balance 4 pct Picral. 

The cold pressed specimens show, after 25 min 
sintering, a similar pattern to the as hot pressed 
compacts. After long sintering (9 hr) even the lam- 
inate bars present a large grained substantially 
single phase structure (fig. 5) throughout. 

In tracing the pattern of diffusion, a use has 
been found for the “barley shell’ structure of Cor- 
son. This hinges upon the fact that the “barley 
shell” can be produced, according to. Corson, at 
from 5-14 pct Si, and most easily forms at from 
8-10 pet Si. Thus, although Wrazej has produced 
these markings on pure iron, by etching with 1:1 
HF and saturated picral, we find, with Corson, a 
strong difference in the tendency to form “barley 


Table I. Types of Material Used 


Typical Analysis, Pct 


Powder Employed Fe Mn Ni 
Electrolytic iron Bal. 
Fe-Si (85/15) 83.1 0.6 0.3 
Fe-Si (75/25) 74.0 

i Silicon 0.82 


Cc Al Ca Si Wt. Loss 
in He 
0.004 0.65 
0.70 0.3 trace 15; 
0.03 25.2 
0.10 0.75 0.25 97, 
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Fig. 10 and 11—Sitructures of 6 pct Si. Compacts 
hot pressed from Iron and 75/25 Fe/Si master alloy 
powders, and sintered for varying times. 


Fig. 10 (above)—After a 25 min sinter at 1140°C, the struc- 
tures shown in fig. 8, 9, are altered to that shown above. 
The carbide-like phase forms a grain boundary constituent in 
most of the compact, some graphite appears, and only occa- 
sional patches of pearlite may be found. X500. Picral “etch. 
Fig. 11 (below)—After a total of 12 hr of sintering, the inter- 
granular phase (fig. 10) is virtually eliminated from the 
microstructure. X500. Picral etch. 
shell” markings, depending on the Si content pres- 
ent. Fig. 6 and 7, are micrographs of the diffusion 
zone of the same laminate illustrated in fig. 3 and 4 
after etching with a “barley shell” producing etch. 
The abrupt cessation of the barley shell where the 
diffusion zone contacts the unconsolidated master 
alloy powder (fig. 7) is plainly evident, especially 
in the small particle in the middle of the field. A 
compact compounded with 85/15 master alloy shows 
the barley shell even in the undiffused Fe-Si pow- 
der at the center of the laminate. Therefore we may 
say that this etch* delineates barley shell in a range 
_ * The etch used in producing these structures consisted of 15 pct 
HF, 15 pct HCl, balance 4 pct pieral. 
of Si composition whose upper limit is above 15 
pet Si, but lower than 25 pct Si, and whose lower 
limit lies below 6 pct Si. 

Interpretation of the structures OO CO must be 
conditioned by several factors. If the implications of 
Ihrig’s data regarding carbon migration may be 
accepted at face value, then the structures obtained 
will be substantially carbon-free where the diffusing 
silicon has pushed the carbon back (or perhaps 
more correctly, has permitted the diffusion to pro- 


Fig. 12 (above)—6 pct Silicon alloy as hot-pressed 
from pre-homogenized powder. 


X500. Picral etch. 


Fig. 13 (below)—Hot pressed (upper), and hot 
pressed plus a 25 min sinter at 1180°C (lower) 


compacts. 
These are compounded of pure Fe and pure Si, end compo- 
sition 50 pct Fe, 50 pct Si. X100. Picral etch. 


ceed only in one direction because of the low carbon 
solubility in the silicon-containing areas). Yensen” 
gives a solubility limit (in ferrite) of 0.007 pct for 
carbon in alloys of 4.7 pct Si and above; a value 
perhaps not inconsistent with Ihrig’s 0 pct, probably 
analyzed by cruder methods. 

Under these circumstances, with carbon largely 
eliminated as an interfering phase, one may follow 
the iron-silicon binary with reasonable security.* 
The system, up to about 15 pct Si, falls within the 
single phase (a) (ferritic) region. 


* When we speak of the iron-silicon system, the terms are not 
nearly so rigid and well determined as one might expect for a 
relatively common and much-used alloy. There is still considerable 
variation in thought as to what constitutes the correct constitution 
diagram, especially at high silicon content (over 15 pct in Si con- 
tent). There is general agreement, however, that the gamma loop 
is closed at about 4 pct Si, and that a single phase (a) structure 
obtains to about 15 pct. Some workers show an ordered structure 
(superlattice) occurring in the a region at about 12.5 pct Si, a con- 
tention with which we are in agreement. 

In a private communication, Dr. J. T. Norton has informed us 
that he finds unmistakable evidence of ordering in an X ray study 
of 12.5 pect Si samples, in confirmation of resistance data and hard- 
ness changes as developed by Glaser and Corson. In addition, the 
work of Farquhar, Lipson and Weill4 establishes ordering, first 
visible in their X ray pattern at about 6.7 pct of Si. 


In the “sandwiches”, therefore, we have, adja- 
cent to the 75/25 master alloy, a region of silico- 
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Fig. 14 and 15—Diffusion of Iron and Silicon in 


hot pressed compacts of pure Fe and pure Si, end 


composition 50 pct Fe, 50 pct Si. 
Fig. 14 (above)—Diffusion of Si into Fe particle. X500. Picral 


Fig. 15 (below)—An exceptional case, in which the diffusion 
zone is intact and grades continuously from pure Si (lower 
right) to relatively pure Fe at the center. X500. Picral etch. 


ferrite varying from about 15 pct Si, at its upper 
point to about 4.7 pct at that point in the structure 
(fig. 3), where the secondary phase (carbide?) be- 
gins to appear. At about 4 pct Si, again according 
to Yensen,” carbon goes into solution up to about 
0.02 pct; from 0.02 to about 0.10 pct it is precipitated 
as carbide. It appears to be the area of carbide pre- 
cipitation occurring at 3.7 to 4 pct Si content, that is 
outlined in the zone of fig. 3 under discussion. No 
graphite has been observed along the diffusion 
line of the laminates. Presumably the high solubility 
of carbon in the pure iron is responsible for its 
absence. 


The Metallography of Silicon Diffusion in Come 


pacts of Mixed Powder: An essential difference 
occurs in the diffusion process where the powders 
have been mixed in the conventional manner, rather 
than pressed as laminates. Here, as Si diffusion oc- 
curs, the carbon migration can proceed only inward 
into the iron grain, since each iron grain is more or 
less isolated from its neighbors. Fig. 8 and 9 show the 
structure developed in a 6 pct Si alloy, compounded 
of 75/25 master alloy powder, in the “as hot pressed” 
condition. Considerable diffusion, it will be seen, 
has already occurred. This is a situation which did 
not occur in the laminate illustrated. It will be 
seen in fig. 2 that the hot pressed laminate shows 


no diffusion of Si into the iron powder. Although the 
precise reason for this is not entirely understood 
at this time, one explanation suggesting itself is 
that temperature control during hot pressing (man- 
ual, with the aid of an optical pyrometer sighted 
upon the outside of the graphite die), is sufficiently 
inexact to permit moderate fluctuation of the press- 
ing temperature from specimen to specimen. This 
would be very important where hot pressing is in 
the region of formation of a liquidus, which, in a 
master alloy of 75/25, would be reached at about 
1190-1200°C. This does not seriously alter the 
micromechanics of the diffusion process, but simply 
retards it. Thus a specimen which has failed to 
diffuse in hot pressing will reach the condition nor- 
mally associated with that state after about 25 min 
of initial sintering time. 

At higher magnification the rejection of carbon as 
pearlite in the center of the iron particles is easily 
seen. Etching with barley shell-producing etch gives 
the results shown in fig. 9. The original Fe-Si grains 
are reduced to about 15-20 pct Si, the areas im- 
mediately surrounding the pearlite colonies have 
too little Si to yield a barley shell, i.e., between 5 


and 0 pct Si — probably from 3.5-4 pct, since traces 
of carbide appear. 
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Fig. 16 (above)—The result of application of the 


“Barley Shell’ etch to diffusion structures in hot 


pressed pure Fe/Si mixtures. 
(See fig. 14). X300. Etchant: 15 pet HF, 15 pet HCl, balance 
4 pet. Picral. 


Fig. 17 (below)—A 25 min sinter produces this 
effect in the hot pressed compacts of pure Si/Fe 


mixtures. 
X500. Picral etch. 


It can be seen readily that continuing diffusion of 
silicon will cause precipitation of carbide and/or 
graphite in a site roughly along the axis of the exist- 
ing pearlite colonies. This does in fact occur. Fig. 
10 is a micrograph illustrating the microstructure 
of the same compact after a 25 min sinter at 1140°C. 
An intergranular carbide-like phase is abundant, 
forming a grain boundary constituent in much of 
the specimen. Some graphite is also present, and 
scattered remnants of pearlite colonies can be ob- 
- Served. 

A few words of comment must be devoted to the 
“carbide-like phase” mentioned. Hurst and Riley” 
discuss a “cementite-like phase” occurring in higher 
“silicon (10-15 pet) cast irons, which, to judge from 
their photographs, (their fig. 2), strongly resembles 
the phase here under discussion. Hurst and Riley 
report that an alkaline picric acid etch failed to 
blacken their ‘‘carbide’” phase, thus confirming a 
prior observation of Kriz and Poboril,” who sug- 
gested that perhaps silicon in solution in the carbide 
phase had modified its behavior toward the etch. 
Our own test indicated that the “carbide” phase in 
fig. 10 darkens when etched with the alkaline sodium 
picrate etch. Some minimal silicon content may be 


necessary to confer upon the carbide the etch resist- 
ance discussed above. Such an assumption seems not 
unreasonable. Anomalous behavior (for a carbide) 
was observed in testing the hardness of this con- 
stituent. Tests with an Eberbach microhardness 
tester, using a 27 g load, indicate a hardness aver- 
age of VPN., 325 for observations on different car- 
bide particles. Avery“ has reported microhardness 
values for a number of different types of carbide, 
the lowest value. reported being VPN: 885. This 
great difference in hardness must necessarily cast 
some doubt on the identification (admittedly incom- 
plete) of this phase as a carbide phase, or at least 
invests it with some unusual properties for a carbide. 


Further sintering of this compact produces a 
structure as shown in fig. 11. Substantially a single 
phase alpha (ferritic) structure is attained. Porosity 
and inclusions (mostly oxides and silicates) persist 
to some degree. It is interesting to note that if a 
fully diffused compact is crushed and then re-hot- 
pressed, a compact immediately results which com- 
pares favorably in microstructure with those of long 
time sintering. Fig. 12 shows a 6 pct Fe/Si alloy 
made from such a pre-homogenized powder in the 
“as hot pressed” condition. There remains a small 
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amount of “carbide” phase, but the structure is, 
again, predominantly single phase alpha. It is of 
some significance that resistivity measurements’ * 
made upon such compacts give values identical with 
those found in mixed powder compacts sintered for 
12 hr or more.* 


* The slug homogenized to produce this prealloyed powder was in 
the form of a disc, 2% in. diam x % in., and was sintered for 24 hr 
after hot press-ng. If decarburization of this large mass during 
sintering was incomplete, the presence of the “carbide”’ in the 
crushed and re-pressed powder can be accounted for readily. 


The implications are, of course, that with some 
refinement of technique it may be possible to hot 
press these alloys without the need for long homog- 
enizing treatment, and the virtually unavoidable 
difficulties of shrinkage and other dimensional 
changes which accompany such a process may be 
eliminated. All alloys discussed are quite brittle, 
and present no problem in pulverizing. 

Certain interesting phenomena were observed in 
hot pressing powders compounded of pure silicon 
and pure iron. Compacts made from these powders 
are prone to “blow up” in initial sintering, even after 
hot pressing. Fig. 13 incorporates two specimens 
mixed from pure Si and pure Fe powders, end com- 
position 50 pct Si. The specimen on the top is in 
the “as hot pressed” condition; the specimen on the 
bottom is shown after 25 min of sintering at 1180°C. 
The “blowing up” effect is plainly visible in the 
microstructure, especially the formation of charac- 
teristic blisters — several of which are plainly vis- 
ible, in section, in the micrograph. 

The diffusion of pure Si into Fe can be observed 
in studies of these compacts. Fig. 13 (upper) shows 
an area in the hot pressed specimen including silicon 
grains, iron and iron/silicon diffusion zones. The 
specimen has been etched in picral, and the iron 
powder has been most heavily attacked. The silicon 
particles may be identified by their characteristic 
angular contour, as well as their resistance to etch- 
ing. That area of the iron grains into which Si has 
diffused is also resistant to etch attack, but the 
rounded outline of the iron particle persists. Fig. 
14 illustrates the case of an iron particle, partly 
diffused with Si. An Si particle may be observed in 
the upper portion of the micrograph and the contact 
zone is visible between it and the iron particle. The 
separation between these two particles at a point 
of obvious prior contact is a typical feature. The Si 
particles are themselves quite hard and brittle, aver- 
aging about VPN., 1000, and the high silicon iron is 
likewise extremely brittle, despite its much lower 
hardness (VPN., 400-500). It may be that the 
slight movements resulting from mounting pres- 
sures, or movement in cooling resulting from differ- 
ences in coefficient of expansion are responsible for 
the general separation of the Si particles from the 
iron. Considerable search of the field disclosed a 
particle in which such separation had not occurred. 
Fig. 15 illustrates this particle and the appear- 
ance of the diffusion zone. Application of the “bar- 
ley shell” producing etch produces the structures 
shown in fig. 16. The previously unattacked white 
zones in contact with the iron particles develop 
the structures characteristic of the 5-15 pct Si range. 
Here an interesting question arises. According to the 
Iron-Silicon Phase diagram, as shown by Greiner, 
Marsh and Stoughton,” at least five phases exist (at 
room temperature) across the field from 100 pct Si 


to 100 pct Fe, and, according to the Metals Hand- 
book (1948 ed.), four.” As we are told by the studies 
of Rhines“ and others, we should discern each of 
these phase changes in diffusion zones which, after 
all, extend in concentration from 100 pct Si to at 
least moderately low Si content in the center of the 
Fe particle. 

This is not the case. Examination of fig. 14 and 15 
discloses no such zones, but only the original Si 
particle, the white diffusion zone adjoining it (5-15 
pet Si in Fe?) and the purer iron core. We do not 
attempt any explanation of this phenomenon at this 
time. 

After sintering for 25 min at 1180°C, however, 
a complex structure does begin to develop within 
the powder particles. Fig. 17 shows a particle after 
such treatment. Three, possibly four, phases may 
be identified in the micrograph. These probably 
consist of the epsilon, eta, zeta, and theta regions, 
since the iron present will probably have picked up 
sufficient Si to be removed from the alpha phase 
region. We are again using the diagram of Greiner, 
Marsh and Stoughton. 

Conclusions 

We have endeavored to provide, in this paper, a 
literal picture of some of the processes occurring 
during the diffusion of iron, iron/silicon, and silicon 
as compounded by the powder metallurgy process. 
The specimens utilized are in most cases identical 
with specimens used by Glaser in his studies of the 
resistances of these alloys® *, and these writings may 


‘ be consulted by those interested in the relation of 


the electrical properties to the metallographic state. 
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The Use of 


Radiocalcium to Study the Distribution of Calcium 


W. O. Philbrook, 


Between Molten Slags and Iron Saturated with Carbon 


Kenneth M. Goldman and 


Martha M. Helzel 


Radioactive calcium has been used to learn whether calcium can be detected 
in iron saturated with carbon after it has been melted under CaQ-Al.O.-SiO. slags 
similar to those used in the iron blast furnace. It was hoped that the radioactive 
tracer technique might make possible a general study of steelmaking reactions in 
which calcium or calcium oxide are involved. No calcium could be found in the metal 
under conditions which were favorable for the reduction of calcium, and it has been 
concluded that the calcium content of the iron was less than 6x10° pct. Some of the 
problems encountered have been instructive with regard to pitfalls and limitations 

of tracer methods. 


ADIOACTIVE calcium has been used to learn 
whether calcium can be detected in iron satur- 
ated with carbon after it has been melted under 
CaO- AI1.0,- SiO. slags similar to those used in the 
iron blast furnace. It was hoped that the radioactive 
tracer technique might make possible a general 
study of steelmaking reactions in which calcium or 
calcium oxide are involved. No calcium could be 
found in the metal under conditions which were 
favorable for the reduction of calcium, and it has 
been concluded that the calcium content of the iron 
was less than 6 x 10° pct. Some of the problems 
encountered have been instructive with regard to 
pitfalls and limitations of tracer methods. 

Calcium oxide occurs in almost all iron- and 
steelmaking slags, and it is essential to the success 
of all commercial basic steelmaking processes. Cal- 
cium alloys are sometimes used in the deoxidation 
of steel and for the innoculation of gray iron. The 
element calcium is therefore almost as ubiquitous 
in the steel industry as are carbon and oxygen, but 
calcium has been thought to be completely immisci- 
ble with iron in both the liquid and the solid states.’ 
It does not seem entirely unreasonable to suppose, 
however, that some low concentration of calcium 
might exist in liquid iron under a basic slag with 
other conditions being favorable, just as silicon and 
other elements can be introduced into iron by re- 
duction of their oxides from slags under appropriate 


circumstances. The radioactive tracer technique of- 
fered a more sensitive method than chemical analy- 
sis of testing this supposition. 

The reasons for interest in this investigation were 
strong enough to justify a recognized risk of failure. 
On the theoretical side, information on the distribu- 
tion of calcium between liquid iron and a slag and 


the rate at which the equilibrium distribution is 


approached would contribute strongly to the gen- 
eral theory of-slag-metal interface reactions. Fur- 
thermore, any evidence on the presence of calcium 
in liquid iron might provide a vital clue to the 
mechanism of the desulphurization of iron by slags. 
All of the reactions which have been proposed to 
explain desulphurization postulate that the sulphur 
ultimately becomes fixed in the slag as calcium 
sulphide, but the mechanism by which sulphur 
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Fig. 1—Aluminum weighing bottle-funnel 
combination. 


reaches this final state is still imperfectly under- 
stood. It would be interesting to know whether there 
is any reasonable probability that calcium sulphide 
could be formed by direct reaction in the metal 
phase. 

From the steelmaker’s standpoint, a direct deter- 
mination of the calcium deoxidation constant (if 
one can truly be written) and the manner in which 
it is influenced by temperature and by the com- 
position of the slag or reaction products would be 
of practical utility. The only datum which is now 
available to indicate the relative deoxidizing power 
of calcium is a theoretical value calculated by Chip- 
man’ of 10° pct oxygen in steel in equilibrium with 
calcium vapor at 1 atm. pressure. 

In order to learn whether calcium could or could 
not be detected in iron with sufficient sensitivity to 
be useful, the first experiment was planned to be a 
simple slag-metal exchange reaction under condi- 
tions favorable to a high calcium recovery in the 
metal. The radiocalcium was introduced as CaO 
into a slag of the CaO-SiO,.-Al,O, system (similar to 
blast furnace slags) of about the highest CaO con- 
tent which would give a fluid slag at temperatures 
close to 1600°C (2900°F). The slag was allowed to 
react with liquid iron in a graphite crucible under 
an inert (helium) atmosphere to provide strongly 
reducing conditions. Since the sensitivity of the 
tracer method proved to be inadequate even for 
favorable conditions, it was impossible to extend the 
study toward more acid slags and toward oxidizing 
conditions as had been planned. No attempt has 
been made to determine a true solubility by holding 
the iron in equilibrium with calcium vapor. 

Early experiments, designated as Series I in this 
paper, were complicated by the presence of a trace 
(estimated as a few parts per million) of radiophos- 
phorus, P”, in the irradiated unit of calcium car- 
bonate™. After elaborate procedures had been 
developed to eliminate spurious counts from the 
P*, no radioactivity attributable with certainty to 
Ca® could be detected in the iron. In order to verify 


the work, the experiments of Series II were con- 
ducted in a similar manner but using a high specific 
activity separated isotope unit’ of Ca® which was 
verified to be free of P”. 


Experimental Methods and Equipment 


Radiocalcium: Radioactive calcium-45 has a half- 
life of 180 days and emits only beta radiation (elec- 
trons) having a maximum energy of 0.25 Mev™. The 
first source of Ca was an irradiated unit containing 
approximately 0.8 mc of Ca® in 25 g of CaCO, target 
material. The unit of radiocalcium for Series II 
experiments contained 0.9 mc of Ca® as CaCl, in a 
few ml of solution, with a specific activity of 26 
me per g of calcium. This was converted to calcium 
oxide, with the addition of inactive calcium, as will 
be described later. 

Special Precautions for Radioactive Experiments: 
Information on the safe handling of radioactive iso- 
topes is now easily available.* The precautions for 
this investigation included the use of protective 
coveralls, surgeon’s gloves and caps, and air-line 
respirators. All of the melting work, sample prep- 
aration, and chemical manipulations were carried 
out under enclosed high-velocity hoods, and samples 
were cut and filed under kerosene to control dust. 
In order to minimize the possibility of contamina- 
tion by dusting during the mixing of the radioactive 
calcium carbonate with other slag constituents, the 
weighing bottle-funnel shown in fig. 1 was con- 
structed. After thorough mixing of the slag con- 
stituents in the closed container, the long neck B 
was. inserted into the crucible to transfer the con- 
tents with a minimum of manipulation and dust 
hazard. Prior to experiments with radioactive ma- 
terials, several rehearsals or “‘cold runs” were made 
using exactly the procedures and precautions that 
were intended for the “hot runs” in order to foresee 
and eliminate as far as possible any serious experi- 
mental difficulties or health hazards- which might 
interfere with the active runs. 

Radioactive counting methods are described later. 


Melting Apparatus: The melting equipment was 
the simple induction furnace setup shown schemati- 
cally in fig. 2. The graphite crucible was 1 in. in 
inside diam and 3%4 in. deep with % in. wall. It 
was suitably insulated and enclosed in a fused silica 
tube with ends sealed so that a helium atmosphere 
could be maintained. Temperature was measured by 
means of an optical pyrometer. 


Experimental Procedure, Series I: The metallic 
charge of 20 g of ingot iron was premelted to satur- 
ate it with carbon and allowed to freeze in the cru- 
cible. Powdered slag constituents sufficient to form 
the amount and composition of slag shown in table 
I were added by means of the mixing container 
previously described, and the metal and slag were 
then melted. Starting time was taken when the slag 
reached the desired temperature. 

After the melt had been held at temperature for 
the desired length of time (see table I), the crucible 
was quickly lifted from the furnace and dropped into 
a hole in a block of copper, which cooled it about 
500°C in the first minute. The rapid freezing was 
done to minimize migration of calcium from the 
metal during cooling and freezing. The crucible was 
then broken away, the slag separated from the top 
of the ingot, and the metal was carefully cleaned by 
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Fig. 2—Schematic 
diagram of melting 
apparatus. 


Oo: 


filing all surfaces to avoid contamination of metal 
samples by slag particles. 

Filings taken from the first ingot, T-1, had a 
specific activity of 55 counts per min per mg of 
iron, which was several orders of magnitude greater 
than anticipated. A contact exposure of a photo- 
graphic film against a flat section produced uniform 
darkening of the emulsion with no evidence of seg- 


regation. To check these observations, the active : 


slag from heat T-1 was melted over a new bath of 
iron to make ingot T-2, which showed an activity 
of only 6.4 c/m/mg. A third melting of the same 
slag over new iron produced ingot T-3 having an 
activity of only 0.5 c/m/mg. These results were en- 
tirely anomalous if the activity were due to Ca-45, 
but as the counting data became available, the re- 
corded activity was found to be consistent with the 
14.3 day half-life and 1.7 Mev maximum energy of 
P”. The chemical behavior of the activity was also 
consistent with the known behavior of phosphorus 
in slag-metal systems under reducing conditions, 
’ both in heats T-1 to T-3 where the activity entered 
the metal, and in heat T-4 where the activity from 
ingot T-i failed to partition with a new, inactive 
_ slag. A demonstration that the 14-day radioisotope 
could be separated from the radiocalcium carbonate 
by precipitation (with phosphate carrier) as am- 
monium phosphomolybdate served as the final con- 
firmation that the high counts of the first two ingots 
came, not from Ca“, but from a minute amount of P* 
which had been in the irradiated unit as it came 
from Oak Ridge. 

After the phosphorus contamination had been re- 
moved from the active slag by the first two extrac- 
tions with molten iron (heats T-1 and T-2), any 
Ca*® which might have been reduced and have en- 
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tered the iron was present in too low a concentration 
to yield a positive count above “background.” It 
then became necessary to separate the calcium from 
the large bulk of iron in order to concentrate the 
radioactivity to a high enough specific activity to 
be measurable. This was done by adding a small 
amount of ordinary calcium to a solution of the iron 
from ingot T-3 to serve as a carrier to precipitate 
the minute amount of calcium which might have 
been dissolved in the iron. The details of the sep- 
aration are given in a later section. The radio- 
activity of the calcium precipitate from this sep- 
aration was so close to the background level that it 
was uncertain whether any activity really was 
present. 

In order to make a check run, a new and more 
basic slag was purified by two extractions with mol- 
ten iron to remove P”, heats T-5 and T-6. This 


‘slag was then held at 1550°C for 90 min over a new 


iron melt in heat T-7. A calcium separation from 
this ingot gave a faint count which seemed to be 
originating from a trace of P” rather than from Ca®. 

These results from Series I experiments were not 
conclusive so it was decided to repeat the experiment 
under more favorable conditions. A new allocation 
of radiocalcium was obtained and found to be free 
of troublesome impurities. Even though pilot tests 
had proved it to be reliable, the involved wet chemi- 
cal separation of calcium from large amounts of iron 
was the cause of some misgivings, and it was be- 
lieved that it could be replaced by the extraction 
of the calcium from the iron in the molten condition 
by a second, acid slag from which the calcium could 
easily be recovered by conventional slag analysis 
and counted. The calcium content of the metal could 
then be calculated because most of the Ca® atoms 
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Table I. Summary of Data 


iti Specific Activities 
eid bin ri a d per min per mg 
Wt. wt. 
3 UR i AlsO; Slag | Wt. Active) Iron ‘ 
Series nee brat wae : CaO SiOz MgO g CaCOs, g g Iron Slag | Zero Time Remarks 
- ‘ 4.4 5 3.27 20 55 66,000 3/17/47 ‘ re ; 
: 72 iese = a es ‘ Slag from T-1 20 6.4 | 72,600 3/17/47 —P* found in iron ingot. 
T-3 1530 30 Slag from T-2 20 0.5 | 68,000 3/17/47 
T-4 1540 30 20 38 42 6.7 pale 55 0 3/17/47 Fe ingot from T-1 used. 
—Purification runs to 
- 15 48 37 6 5.15 20 
78 ees eo Slag from T-5 20 remove P22 from slag. 
= 54,300 6/28/47 Ca separated from Fe 
T-7 1550 90 Slag from T-6 20 /28/ papers ee 
still present. ; 
Il T-8-1 1600 60 15 49 36 10 5.11* 106 0 736 9/16/48 1 pet S added to iron. 
T-8-2 1300; 60 21 6 50 23 10 106 0 0 
T-9-1 1600 60 15 49 36 22 10* 106 0 3980 10/17/48 
T-9-2 1600 60 21 a 54 24 10 106 0 0 12/13/48 


* Wt. CaO in which active Ca* was contained. 
+ Approximate temperature; heat went out of control because 
fumes caused false optical pyrometer readings. 


from the metal would be found in the second slag. 


Experimental Procedure, Series II: 1. Melting 
with radioactive (basic) slag: The high specific ac- 
tivity calcium chloride obtained from the Atomic 
Energy Commission contained only about 35 mg of 
total calcium in solution. To aliquots of this solu- 
tion were added amounts of CaCO, sufficient to pro- 
vide the weights of CaO needed for the slag as 
indicated in table I. The calcium was precipitated 
with an excess of ammonium oxalate at pH4, and 
the calcium oxalate was dried and ignited to CaO 
at 1000°C. 

The experimental procedure was the same as that 
described for Series I heats except that a consider- 
ably larger iron ingot was made (see table I) to 
increase the total quantity of calcium in the metal. 
No radioactivity could be detected on the surface 
of the cleaned ingot by counting with the monitor- 
ing probe.® 

2. Melting with an inactive (acid) slag: The 
cleaned ingot was remelted under a slag containing 
54 pct SiO., 21 pct Al.O;, 24 pet MgO, and 1 pct CaO; 
the melt was held at 1600°C for 1 hr under a helium 
atmosphere. The crucible was then removed from 
the furnace and the slag and metal were separated 
mechanically. The CaO was recovered from the 
slag by conventional chemical methods. This sep- 
arated CaO was then counted for radioactivity. To 
check the validity of the assumption that practically 
all radiocalcium would be in the second slag, a 
chemical separation was also performed on the final 
ingot to recover the calcium in the event that it had 
remained in the iron. 


Chemical Separation of Calcium from Iron: A 
number of experiments were necessary in the de- 
velopment of a satisfactory chemical separation of 
a possible trace of calcium from the gross mass of 
iron. Attempts to remove large quantities of iron 
by continuous extraction with isopropyl ether 
proved unsatisfactory owing to the difficulty of con- 
trolling conditions. The separation of the iron with 
cupferron’ gave satisfactory results. The method 
was tested for recovery of inactive calcium as fol- 
lows: 

1. One-half gram of Bureau of Standards No. 55b 

ingot iron and 15 mg of carrier Ca as CaCO, 


were dissolved in HCl, and the solution was 
adjusted to 1.5 to 2 normal. One-half gram 
of iron was found to be the maximum quantity 
that can be handled conveniently as iron cup- 
ferrate. 

2. Iron was precipitated as iron cupferrate by the 
addition of fresh 6 pct cupferron solution. 

3. The iron cupferrate was removed by successive 
extractions with chloroform. 

4. Excess cupferron in the aqueous solution was 
destroyed by successive evaporations with 
HNO, and HCl. 

5. Calcium in the aqueous solution was precipi- 
tated with an excess of ammonium oxalate at 
pH4, and the precipitate was ignited at 1000°C 
to calcium oxide. 

The added calcium was recovered from the iron 
with a yield of 96 pct, thus establishing the feasi- 
bility of the cupferron-oxalate method. A series of 
tests by the same procedure proved that 5 mg of 
carrier calcium per 0.5 g aliquot of iron was the 
minimum addition which could be recovered with 
sufficiently quantitative and consistent results. 

A third series of tests demonstrated that radio- 
calcium was recovered by the cupferron method. 
Calcium 45 in the amount of 50 or 300 d per min 
was added to control samples containing 0.5 g of 
iron, 5 mg of calcium, and 5 mg of phosphorus as 
phosphate to serve as “holdback” for P®. Separa- 
tion of ammonium phosphomolybdate prior to pre- 
cipitation of calcium oxalate resulted in low and 
erratic recoveries of calcium. When no phosphate 
separation was made, the recovery of carrier cal- 
‘cium was 92 to 100 pct and the CaO residues counted 
with a half-life of 180 days and with disintegration 
rate equivalent to the added activity. No evidence 
of P* activity was found either in calcium or phos- 
phorus precipitates in these experiments because of 
the minute portions of the irradiated unit employed. 
Supporting data are omitted for the sake of brevity, 
but the control tests proved that the method was 
capable of recovering small amounts of radiocalecium 
from iron with good efficiency. 


For calcium separation in an actual analysis, a 
metal sample of 5 g was dissolved in HCl and divided 
into 0.5 g aliquot portions; 5 mg of Ca was added 
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to each aliquot and the iron was removed by cup- 
ferron as described above. All aliquot portions were 
combined after the iron was separated and before 
the calcium was precipitated. 


Radioactivity Counting Procedures and Calcula- 
tions: Metal samples were prepared by filing, and 
slag samples were crushed to pass a 100-mesh sieve. 
A weighed amount of material, about 100 mg of 
slag or 200 mg of metal, was mounted in an alumi- 
num counting plate of conventional design having 
a depression % in. in diam x 1/16 in. deep. The 
counting was done with a commercial, bell-type 
Geiger-Miiller tube having a 3 mg per sq cm mica 
window about 1\% in. in diam. The counts were re- 
corded on a commercial 64-scaler circuit and me- 
chanical counter. 

It was found early in the investigation that all 
counts should be made with the same counting 
chamber and scaler because there was a considerable 
variation between counts of the same sample on 
two different circuits, in spite of corrections based 
on the same radiation standard, whereas counts on 
the same scaler were internally consistent with a 
coefficient of variation of about 4 pct. All calcula- 
tions in this work are on a relative rather than ab- 
Solute basis, so it is sufficient that the data be in- 
ternally consistent; the absolute accuracy need not 
be known. 

Our experience with P” and difficulties of a similar 
nature with another irradiated unit have demon- 
strated very forcibly the necessity of adhering to 
the practice of identifying positively the radioiso- 
tope responsible for a measured activity to avoid 
false interpretation of counts which might originate 
from radioactive impurities. This is done by deter- 
mining both half-life and absorption curves. Ref- 
erence to tables of isotopes’ in conjunction with 
observed chemical behavior of the isotope in ques- 
tion will usually suffice to establish identity fairly 
conclusively. 

The counts as read from the scaler must be cor- 
rected for the following variables: 


1. The background count originating from cosmic 
radiation, natural radioisotopes in the ma- 
terials of construction, or contamination. 

2. Efficiency of collection by the G-M tube, or 
“seometry” of the counter. 

3. Decay of the isotope with time. 

4. Absorption of radiation by the cellophane, air, 
mica window, and intentionally interposed ab- 
sorbers between the sample and the inside of 
the G-M tube chamber. 

5. Self-absorption within the sample. 


All of these corrections, in the order named above, 
are combined in the following equation: 
(C.i-—C,) |S. 2a 


a Nee ee eee Tt oNt ead. 
ow A Sees Baa) Ss. 


N, = Absolute activity of the sample, d per min 
per mg at zero time. 


A = Area of sample effectively covered by 
counter, cm’. 

C, = Recorded counts per min. 

C, = Background count, averaged from “blank” 


counts taken shortly before and after 
sample count. 


S, = Actual disintegration rate of radioactivity 
standard, d per min. 
S; = Recorded counts per min from standard, 


average of counts taken immediately be- 
fore and after sample count. 


4 = Decay constant for the isotope being 
counted, fraction disintegrating per unit 
time. 

t = Time of measurement after zero time 
(A and t in consistent units). 

a = Absorption coefficient for the radiation be- 


ing counted, cm” per mg. 

y = Thickness of absorbers between sample and 
inside of G-M tube (air, window, absorber 
plates, etc.), total mg per cm’. 


xz = Thickness of sample, mg per cm’. 


Range of beta particles in matter (usually 
measured in aluminum), mg per cm’. 


~ 
-) 


For samples thicker than the range of the beta par- 
ticles emitted, x« > l1,, (l—e”) — 1 and Eq 1 
simplifies to: 


oie 
S: 


Eq 1 and 2 are approximately valid, within 2 to 5 
pet, for most beta emitters. Henriques et al.* give a 
simple derivation of the portion of Eq 1 which cor- 
rects for self-absorption, and Glendenin® gives a 
good discussion of the approximations inherent in 
such calculations of beta particle absorption. 


Data and Results 


The more important data have been collected in 
table I. Detailed decay and absorption data used 
to, establish the identity of the isotopes are not 
recorded in full. Slag samples exhibited half-lives 
of 168-190 days and half-thicknesses of about 6.5 to 
7 mg per sq cm, in satisfactory agreement with data 
recorded in the literature’ ° for Ca”. Calcium 
activity was so strong in the slag samples that it 
completely masked the phosphorus activity, but 
some of the metal samples, as previously noted, dis- 
played energies of about 14.8 + 0.7 day half-life and 
100 mg per cm’ half-thickness, compared with the 
reported values” of 14.3 days and 110* mg per cm’ 
Olan 


No=——(C.—C,) - 22.  - oem [2] 


* Estimated from maximum energy value of 1.7 Mev by meth- 
ods of Glendenin.® 


The results of the experiments of Series I are 
doubtful because of the presence of P* as an im- 
purity, and these heats T-1 to T-7 will not be dis- 
cussed further. 

The experiments of Series II yielded no indication 
of calcium in the iron. The initial slag for heat’ 
T-8-1+ had an activity of 6480 c per m, correspond- 


+ The initial metal of heat T-8-1 contained about 1 pct sulphur, 
and the apparatus was modified somewhat so that the experiment 
would concurrently serve another purpose irrelevant to this study. 
These circumstances are reported for accuracy of record, but they 
probably are not significant to this work. 


ing to an absolute activity of 736 d per m per mg of 
slag. When no activity could be detected either in 
the second slag or in the final ingot from T-8-2, the 
experiment was repeated at a five-fold increase in 
the level of activity of the initial slag. Slag T-9-1 
had an activity of 41,700 c per min, corresponding to 
an absolute activity of 3980 d per min per mg. Again 
no positive count was obtained either from slag T-9- 
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2 or by a chemical separation of calcium from the 
final ingot. 

Since no positive count has been detected from 
Series II experiments, an indirect argument has 
been adopted to estimate the limit of detection. Sup- 
pose there had been enough Ca‘ in slag T-9-2 to 
yield a count capable of detection by the counting 
circuit, say 6 counts per min. From this value, the 
corresponding calcium content in the iron can be 
calculated. Since, in fact, no count was obtained, 
then the actual calcium content of the iron must 
have been lower than this limit of detection. 

The basic assumptions in the calculation of this 
minimum amount of detectable calcium are as fol- 
lows: 

1. Some small amount of calcium will be reduced 
from the initial CaO-SiO.-Al.O,; slag and enter 
the metal. 

2. The ratio of radioactive Ca* atoms to the total 
Ca atoms in the iron will be the same as the 
corresponding ratio in the original radioactive 
slag. 

3. In the second heat, the portion of the experi- 
ment in which an acid slag is melted over the 
iron ingot, Ca atoms in the metal will exchange 
with Ca atoms in the slag, and, because of the 
extremely high distribution ratio of Ca in slag 
to Ca in iron, practically all of the-Ca* atoms 
will in time be found in the second slag, from 
which they can be recovered and counted. 

The following counting and decay data for the 
counting setup used in the experiments and for Ca” 
are necessary for substitution in Eq 1: 


_ A = Area scanned by counter = 2 sq cm for 
sample mounts used. 
S./S: = Efficiency correction factor of counter = 
6 for these experiments. 
ty = Half-life for Ca* = 180 days’. 
} = Decay constant = 0.693/180 = 0.00385 
per day, 2.67x10° per min. 
a = Absorption coefficient = 0.10* cm* per 


me for Ca™. 


* Based on half-thickness of 7 mg per cm? estimated from initial 
slope of absorption curve for Ca‘ of Solomon and Glendenin?9, 


which is in good agreement with our observed xi/2 = 6.5 to 7 mg 
per cm?. 
x = Thickness of samples = wt. in mg + 2 
sq cm. 
y = Total thickness of external absorbers = 
6.3 mg per cm’ for these experiments. 
l, = Range in aluminum = 64 mg per sq 


cm, storsCacy 


It is assumed that (C,-C,) must equal or exceed 6 
counts per min to be considered a positive count; this 
is three times the standard deviation of 2 c per m 
for background counts in our laboratory and there- 
fore represents a 99.7 pct probability that the count 
‘is significant and not due to chance fluctuations. 

The calculation, which is essentially a material 
balance, was made in the following way for experi- 
ment T-9: ; ; 

1. From the weight, CaO content, and measured 
specific activity of slag T-9-1 (see table I) and 
the decay constant given above for Ca‘, it was 
calculated that the ratio of total Ca atoms to 
Ca* atoms in slag T-9-1 was 3.0x10° at zero 
time. : 

2. By means of Eq 1 it was calculated that 2.1x 
10™ g of Ca* (referred to zero time) would 


have been needed in the 102 mg of CaO extrac- 
ted from T-9-2 to have produced a significant 
count of 6 c per min above background (un- 
corrected, 23 days after zero time, correspond- 
ing to actual conditions under which the Caos 
residue was first counted). This, from step l, 
would have required that (2.1x10™) (3.0x10") 
— 6.3x10~ g of total Ca be received by the slag 
from the ingot. 

3. Since the ingot from T-9-1 weighed about 110 
g (106 g Fe + approx 4 g C), the percentage 
of calcium in the iron ingot required to give a 

6.3x10” 
110 
S 100 = 6x10~ pct Ca = 0.00006 pct Ca. 


Because of the low precision of the absorption co- 
efficient for Ca®” and the approximations inherent 
in Eq 1, the reliability of this estimate is no better 
than = 20 pct. 

Similar calculations carried through for the wet 
separation of calcium from ingots T-3 and T-7 indi- 
cate that 5x10~ pct Ca should have given a positive 
count. Had the calcium content of the iron been as 
high as 1x10“, it could certainly have been detected; 
a content as low as 5x10° pct would probably have 
been detected. The calcium content of liquid iron 
saturated with carbon under blast furnace type 
slags must therefore be exceedingly low. 


significant count from slag T-9-2 was 


Discussion of Results 


Although most of the original plans of this in- 
vestigation had to be abandoned because of our 
inability to detect any calcium in the iron, one per- 
tinent conclusion can be drawn. It may be noted 
that the carbon-saturated iron, slag compositions 
used, and the temperature level of these experi- 
ments represent conditions fairly comparable with 
those in the hearth of the iron blast furnace, even 
though the atmosphere above the melt was pre- 
dominantly helium rather than CO plus N,. The fact 
that the calcium content of the metal was so vanish- 
ingly small seems to preclude the possibility that 
any sort of association of calcium with sulphur 
within the métal phase can contribute significantly 
to the mechanism of desulphurization in the blast 
furnace (or in oxidizing steelmaking processes). 

A spectrographic method for the determination 
of calcium in steel has recently been described by 
Carlsson.” The limit of detection claimed for his 
method is 0.0001 pct Ca, of the same order of mag- 
nitude as calculated for the radioactive technique 
described in this paper. It should be emphasized, 
however, that the two results are not necessarily 
comparable since the investigations were done under 
entirely different conditions. Carlsson’s data apply 
to the calcium content of commercial steels analyzed 
by spectrographic methods. Although Carlsson re- 
ports results for both “acid soluble” and “acid in- 
soluble” calcium, it is conceivable that the acid 
soluble calcium might have existed in the steel in 
easily soluble inclusions rather than as a true alloy 
of calcium. The data presented here apply to the 
caleium content introduced into carbon-saturated 
ingot iron by melting under a reducing slag, as 
determined by the radioactive tracer technique. 

The sensitivity of the radioactive tracer method 
could theoretically be improved by several orders 
of magnitude by a corresponding increase in the 


366—JOURNAL OF METALS, FEB. 1950, TRANSACTIONS AIME, VOL. 188 


specific activity of the original slag. The only limita- 
tion is the number of millicuries of high specific 
activity Ca® which can be handled safely and which 
can be justified on the basis of availability and cost. 
It seems doubtful, however, that the calcium con- 
tent of the metal would be sufficiently above the 
threshold of detectability to make possible the 
conduct of experiments such as were outlined in 
the introduction and thus justify the time and ex- 
pense of further research of this nature. 

The results presented here pertain only to the 
experimental conditions described; they do not 
purport to relate to the solubility of calcium in pure 
iron in equilibrium with pure calcium vapor or 
liquid. The radioactive tracer technique would be 
applicable to a study of true solubility of Ca in iron, 
but the problems of apparatus would be consider- 
ably more complicated than for the present study. 


Summary 


1. An attempt has been made by a radioactive 
tracer technique to determine the calcium con- 
tent of carbon-saturated iron melted in graphite 
under a comparatively basic slag of the CaO- 
Si0,-Al,O; system in a neutral atmosphere of 
helium at about 1600°C, these conditions being 
the most favorable for reducing calcium from the 
slag which could be handled conveniently in the 
laboratory. 

2. Two methods have been used in order to con- 
centrate for counting purposes the minute amount 
of ealcium which might have been introduced 
into the iron. These methods were (1) a wet 
chemical separation of calcium from iron after 
the addition of small amounts of carrier calcium, 
and (2) an extraction of calcium from liquid iron 
by an acid slag low in CaO, followed by separa- 
tion and counting of the CaO from the second 
slag. 

3. Both methods have failed to detect the presence 
of any calcium in the iron under experimental 
conditions outlined. The limit of detection has 
been calculated as approximately 0.00006 pct Ca, 
so that any calcium present in iron under reduc- 
ing conditions similar to those in the iron blast 
furnace is presumed to be lower than this limit 
of detection. 


4, It seems evident from this result that no direct 
reaction or association between calcium and sul- 
phur dissolved in molten iron can contribute sig- 
nificantly to desulphurization in the blast fur- 
nace. 

5. While it is theoretically possible to increase the 
sensitivity of the tracer technique by several 
orders of magnitude, it is probable that the cal- 
cium content of iron would, at best, be so close 
to the threshold of detection as to preclude any 
useful experiments concerning the influence of 
slag composition or oxygen level on the calcium 


content of liquid iron under steélmaking condi- 


tions. ; 

6. The data presented herein do not relate to the 
true solubility of calcium in iron, nor do they 
give any direct information on the total calcium 
content which might be obtained in steel by the 
addition of calcium-bearing deoxidizers or from 
fortuitous inclusions. 


7. This paper illustrates techniques for handling 
low-energy radioactive tracers in high-tempera- 
ture metallurgical experiments and gives exam- 
ples of radiochemical calculations; our experi- 
ence emphasizes the necessity for identifying the 
isotope responsible for observed radioactivity to 
avoid false interpretation of activities originating 
from unsuspected impurities. 
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Measurement of Relative Interface Energies 


in Twin Related Crystals 


by C. G. Dunn, F. W. Daniels, and M. J. Bolton 


The nature of boundaries in twin related grains of silicon iron is investigated 
and the relative interface energy of the {112} twin is determined. The effect of 
boundary orientation on boundary energy is treated briefly. Mathematical and experi- 

mental techniques are discussed in detail. 


if recent papers on interface energies in metals» 
the concept of an equilibrium of forces has been 
used in the measurement of interfacial tensions. 
Mathematically the equilibrium of three forces is 
given by the relations: 


aS aa V23 os as [ 1 ] 
sin 6; sin 6, 


sin 6, 

where the y’s are the interfacial tensions (interface 
energies per unit area of interface) of three phases 
or grains meeting at angles 6, 6. and 6; (y.» relates 
to the 1-2 boundary formed by grains 1 and 2; y3 
to the 2-3 boundary, etc.). If these relationships are 
valid, one can calculate relative values of the inter- 
face energies from measured boundary angles on 
specimens which have been brought to equilibrium. 

Since Eq 1 may be derived through a mathemati- 
cal process of minimizing the grain boundary energy 
under the restriction that the y’s be independent of 
boundary orientation,’ the concepts of surface ten- 
sions and equilibrium of forces are not particularly 
essential. To deal with the general case involving 
dependence of boundary energy on boundary orien- 
tation, it becomes desirable to drop certain con- 
cepts formerly held (namely that energy per unit 
area is identical with force per unit length or sur- 
face tension) and to use the energy concept alone. 
It is appropriate, therefore, to use E in place of y 
in deriving and using the more general equations 
that express the anisotropic nature of the grain 
boundary energy. 


Herring” * recently has derived the required gen- 
eral equations using the principle of minimization 
of energy. Specifying the boundary orientations in 
terms of angles (¢) measured with reference to 
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crystal axes within the grains, Herring’s equations 
take the form 


; dE sy 
E., + Es, cos 6; + E,,. cos 6. — sin 4, 
me 
0 2 
ig iets 2 
+ sin 6 Bu [2] 


where the partial derivatives are measured in the 
direction of counterclockwise rotation of the bound- 
aries. Eq 2 implies that an infinitesimal displace- 
ment of the triple point along the 2-3 boundary 
produces no change in the boundary energy. Similar 
equations apply for infinitesimal displacements 
along each of the other two boundaries. From such 
equations Herring obtains the following general 
relationship 


Ew an 
ex) Cos Oye 


(1+ a) sind; + (« 


(+6) sini (G—@) cost 


@ + €y és) sin 62 + (6, — és) COS 02 [3] 
where «, = Eig ote: 
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and « and e, have similar expressions. 

It is apparent that Eq 3 reduces to Eq I when the 
es vanish. Eq 3 also reduces to Eq 1 when the e’s 
are all equal. 

Shockley and Read‘ have pointed out one limita- 
tion to these equations. When E plotted versus ¢ 
appears as an energy cusp, as their theory requires, 
for example, for the energy near a twin boundary 
position, then Eq 3 (and therefore Eq 1 also) no 
longer applies if one boundary is in the minimum 
energy position. One of the equations of form Eq 2, 
however, applies if the infinitesimal displacement 
is along the boundary associated with the energy 
cusp. 

From the foregoing treatment it will be apparent 
that equilibrium angles alone are not sufficient in 
general for calculating relative interface energies. 
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Consequently, calculations made on the implicit 
assumption of zero «’s must be held questionable. 
Nevertheless, such questionable calculations can be 
of value in ascertaining more fully the nature of 
the problem of grain boundary energies. 

In the present investigation, which is primarily 
concerned with determining a relative value of the 
{112} twin boundary energy and in observing bound- 
ary relationships in special 3-grain groups, the 
experimental work was completed prior to receiv- 


Fig. 1—Original 
sample before cutting 


to obtain specimen G. 
Etched. (Natural size) 


(top left) 


Fig. 2—Stereographic 
projection showing 
orientation relation- 
ships of grains in 
specimen G. 
(bottom) 


Fig. 3—Laue photo- 
graph of grains 
A”, B’, and C. 

(top right) 


ing knowledge of this concurrent basic mathemati- 
cal development. In the analysis and treatment of 
results obtained, the new concepts prove to be of 
inestimable value. 

Past investigations on twin boundaries have indi- 
cated that the amount of energy associated with a 
twin boundary is low, particularly in the face+ 
centered cubic lattice. Smith' from measurements on 
the shapes of grain and twin boundaries in face- 
centered cubic metals estimated a value less than 
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one-tenth that for a grain boundary. Lacombe’ noted 
a marked dependence of rate of boundary etching 
on orientation of the boundary between twin grains 
of aluminum. The attack of a {111} twin boundary 
was negligible compared with that of the boundary 
departing appreciably from the twin composition 
plane, indicating an effect of boundary orientation 
on boundary energy. McKeehan’ and Preston’ from 
considerations of the distances between atoms for 
twinned lattices concluded that the lowest energy 
forms would be the {111} twin plane for a face- 
centered cubic metal and the {112} twin plane for a 
body-centered cubic metal. Preston further con- 
cluded that the latter type twin would have a higher 
boundary energy than the former because of stresses 
due to atoms lying closer together than normal. 
Dunn and Lionetti* investigated the dependence of 
relative grain boundary energy on difference in 
orientation in crystals of silicon ferrite and observed 
an effect of lowered energy for “near twin” orienta- 
tions. Since the boundaries were far from real twin 
planes, their results give no quantitative informa- 
tion on the energy of the {112} twin boundary. 

In the present investigation, experiments were 
made on sheet specimens of silicon iron containing 
one or more 3-grain groups. These experiments will 
be reported in two parts: (1) 3-grain groups with 
two sets of twin related grains and (2) 3-grain 
groups with one set of twin related grains. 


3-Grain Groups with Two Sets of Twin 
Related Grains 


- Specimens: Since annealing twins form under 
favorable conditions during the recrystallization of 
fine grained silicon ferrite (this fact apparently has 
not been reported previously), finding a suitable 
group of twins in recrystallized sheet specimens was 
not difficult. Thus specimen G, the outlined portion 
in fig. 1, was found in a sheet sample of 3.5 pet 
silicon iron that had been recrystallized by a strain- 
anneal method starting with a reoriented seed 
crystal® (note twisted region at extreme bottom in 
fig. 1). Growth of the seed crystal produced grain A, 
which twinned at a number of isolated points dur- 
ing growth to produce all the other grains. Because 
of preferred growth characteristics, only two of the 
four possible twins of A formed during recrystal- 
lization. These twins are identified B and C and are 
given prime marks according to location. Each 3- 
grain group therefore contains the letters A, B, and 
GC; 

In fig. 2 the same letters refer to the position of 
cube poles of the corresponding grains. Grain A has 
a (001) plane almost in the plane of the sheet and 
grains B and C have {221} planes approximately in 
the plane of the sheet. 

Along the B’C boundary, which extended a 
length of almost 6 in. in the uncut specimen, there 
were over one hundred small isolated areas of 
orientation A formed by B’ or C twinning back to 
A, presumably during the original growth process. 
These small crystals occurred only on the under- 
neath side of the specimen, but strangely none 
occurred along the BC boundary. The cut speci- 
men G contained one of these island grains, called 
A”, and part of another; A’”’”. A transmission Laue 
photograph of grain A”, which naturally also in- 


eo) 


cluded grains B’ and C, is shown in fig. 3. Com- 


parison of this Laue pattern with those taken sepa- 
rately for grains A, B, and C showed that the photo- 
graph consisted of the patterns of the three grains 
A, B, and C. Because of twin relationships, the pat- 
terns have common zones and common Laue spots. 
The common [111] zone for twins A and B and the 
[111] zone for twins A and C, which appear in the 
photograph as hyperbolas, contain also common 
{112} Laue spots and these are shown inclosed by 
circles and triangles. 

A much larger type of island grain, but of orien- 
tation B, can be seen as a white grain along the AC 
boundary in fig. 1, but this grain will not be con- 
sidered in terms of possible 3-grain groups. 

Annealing Methods: In order to promote the mo- 
tion of grain boundaries towards minimum energy 
positions, it was necessary to anneal repeatedly the 
sample at high temperature until the grain bound- 
aries’ angles became constant. During anneals, pro- 
tection was provided by encasing the sample within 
two concentric silicon iron boxes which were in turn 
placed within a tightly welded steel box equipped 
with a gas inlet and outlet. Before introducing the 
gas into the welded box, the gas was passed through 
a purification train consisting of a deoxo catalyzer, 
an activated alumina drier, a magnesium chip fur- 
nace (600°C), and two towers of phosphorous pent- 
oxide. The atmosphere used was hydrogen at the 
lower temperatures and argon at the higher tem- 
peratures. The dewpoint of the gas in either case 
was approximately —90°F. 


Results: During the first anneal the small island 
grain of orientation B, along the AC boundary, com- 
pletely disappeared. The other island grains will be 
mentioned later. Old and new boundaries in the 
ABC group may be seen in the photograph shown 
in fig. 4. The old boundaries show because the sur- 
face of the specimen was etched prior to the anneal 
and the new boundaries show because of thermal 
etching during the anneal. The relative positions of 
these boundaries indicate that grain A grew at the 
expense of grains B and C with a reduction in length 
of the BC boundary. This same type of movement 
can be seen more strikingly, however, for island 
grain A”’ shown in fig. 5. Here the fine line is well 
in advance of the dark line of the old boundary. 

Angles were measured and the sample was then 
given an anneal for 48 hr at 1400°C. Fig. 6 shows 
a photograph of island grain A” taken after the sur- 
face was given a metallographic polish and etch. On 
comparison with other grain boundary angles in 
the specimen, it was observed that the angles for 
A”’ and A’ were the same as those shown for A” in 
the figure. At a magnification of 500 diam, one angle 
in each of these 3-grain groups was 180 degrees and 
this is also clearly evident for the groups at both 
ends of island grain A” shown in fig. 6. A photo- 
graph of a cross section of grain A”’, sectioned in 
the direction indicated in fig. 2 and 4 by the line QQ, 
is shown in fig. 7. The direction R was located along 
the line QQ in fig. 2 according to the angle of tilt of 
the A”’B’ plane which is given in fig. 7. 

Directions of boundaries in the surface at the 
meeting point of grains are also indicated in fig. 2 
along the basic circle (for example: B’C, BC, etc.), 
and these define the surface angles between bound- 
aries. The straight sides of grain A” (A”B’ and 
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A’”C in fig. 6) were found to be parallel to within 
two degrees and also to coincide in direction with 
the A’C boundary of the A’B’C group and the 
A’’B’ boundary of grain A”. Two directions, A’C 
and R, therefore, determine the plane for the actual 
grain boundary A”’B’; and this plane has the pole 
P1, which is indicated in fig. 2. Similarly—but with- 
out making any cross section cuts since A’ passed 
completely through the specimen—the A’C plane 
was determined from surface measurements on the 


specimens. This plane and its pole P2 are indicated 
in fig. 2. 

Poles of possible {112} twin planes for grains A 
and B and grains A and C are plotted in fig. 2, the 
former by black circular dots and the latter by 
black triangular dots. Also plotted is a pole of a 
(110) plane which is common to all three grains 
JAN Jai, PevaKsl (C.. 

The reduction in length of the BC boundary was 
further confirmed from direct measurements of the 


Fig. 4 (left) — 
Specimen G in 
vicinity of 
grains 
A, B, and C. 
As annealed 14 


hr at 1400°C. 
X100. 


Fig. 5 (right)— 
Grain A” in 
specimen G. 
As annealed 14 


hr at 1400°C. 
X75. 


Fig. 6 (left) — 
Grain A” in 
specimen G. 
Annealed 48 hr 


at 1400°C. 
Nital etch. X60. 


Fig. 7 (right) — 
Cross section of 
specimen G. 


Nital etch. X100. 
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position of boundaries before and after a final 
twelve hour 1300°C anneal. 

Analysis and Discussion of Results: The locations 
of Pl and P2 relative to poles of {112} twin planes 
indicate that the boundaries A”’B’ and A’C are 
within five degrees of real twin boundaries. An 
experimental error of two or three degrees could be 
expected in the measurements, so the nearness to 
real twin planes is significant..If grain A were 
exactly in the (001) orientation, the poles of the 


planes (211) and (211) would le on a diameter in 
fig. 2, and traces of the twin planes in the (001) 
surface would be parallel. This explains the near 
parallelism of the observed twin boundaries in 
grain A”. Acute angles at the ends of island grain 
A” are practically equal (value of about 15°) and 
are the same as that in the A’B’C group and in the 
island grain A”’. Analyses also show that the 180° 
angle occurred opposite the boundary AC in the 
ABC group. This was not particularly clear in fig. 4, 
but became clearer upon subsequent annealing. 
Further, the surface direction of the boundary AC 
as shown in fig. 2 indicates that this boundary also 
could be a real twin boundary if the plane were 
tilted properly (note position of 121 pole). The acute 
angle in the ABC group, however, remained at 
about 43° during the anneals. 

The direction of the boundary AB is about right 
for a possible correlation with a {112} plane in the 
lattice of grain B alone (the {112} pole required is 
not given in fig. 2). This possibility together with 
the AC twin boundary may be the reason for the 
constant 43° angle in this group of grains. On the 
other hand, directions of the type A’B’, which to- 
gether with a twin boundary are responsible for 
the surface angles of 15°, seem to correlate only 


with the (110) plane (the pole of this plane is 


R.D. 


shown tilted 1.5° to the surface in fig. 2). The B’C 
boundary tilts 87° to the surface (see fig. 7) and 
nearly coincides with the (110) plane. The A”’C 
boundary, also shown in fig. 7, is probably in the 
transition region between the end of the grain and > 
the twin boundary and is, therefore, not near 
enough the end of A” to have much significance on 
this question of the (110) type boundary. Neverthe- 
less the angle that would be made in the surface by 
the (110) plane and the (211) plane, for example, 
would be about 18.5° and this is not far from the 
observed 15° angle (within the specimen these 


planes would meet in a [111] direction and at an 
angle of 30°). Also the direction of the junction line 


[111] would lie at an angle of about 55° to the 
vertical and in the (110) plane. Measurements on 
the A’B’C common boundary gave a value of 62° 
for its tilt from the vertical and this direction was 


also properly located to lie near the fill] direction. 
These data, although strongly suggestive of the 
(110) plane being active, are not sufficiently accu- 
rate to prove the point. They do indicate, however, 
some tendency to a preferred crystallographic 
boundary arrangement in addition to that of the 
{112} twin boundary of which more will be men- 
tioned later. 

Some conclusions regarding the value of twin 
boundary energy can be drawn from the data if we 
assume that the change in type of surface—{221} 
to {100}—provides no appreciable driving energy. 
First we note that growth of island grains such as 
A” represent an increase im boundary area—in fact 
the increase in the twin boundary area is more than 
twice the decrease in the second-order twin bound- 
ary area, because the twin boundaries are tilted 
more from the vertical than is the second-order 
twin boundary B’C. Applying the principle of 
diminishing energy to this case of in- 
creasing boundary area gives 

E, < 0.46 E, [4] 
where E, is the energy per unit area of 
twin boundary, E, is the energy for the 
second-order twin boundary, and tilt- 
angles of 22° have been used for each 
twin plane. 

Eq 3 cannot be used on specimen G 
because each 3-grain group contains a 
{112} twin boundary—an energy cusp 
boundary as pointed out in the intro- 
duction in reference to the theoretical 
work of Shockley and Read. Because 
of unique crystallographic and geomet- 
rical configurations for each 3-grain 
group, it appears that one or both of 
the non-twin boundaries are also of the 
energy cusp type. If so, the situation 
means that no equation of the type of 
Eq 2 applies because any infinitesimal 
displacement of the triple point pro- 
duces more than a zero increase in 
boundary energy. 


Fig. 8—Stereographic 
projection showing 
orientations and 

boundaries 
of grains 
in specimen Q1. 


372—JOURNAL OF METALS, FEB. 1950, TRANSACTIONS AIME, VOL. 188 


Fig. 9—Stereographic 
projection showing 
orientations and 
boundaries of grains 
in specimen Tl. 


Quantitatively the only result obtainable from 
the data is that expressed in Eq 4 which of course 
sets an upper limit to the {112} twin boundary 
energy in terms of E,. Qualitatively a twin boundary 
energy appreciably above zero in value is not in- 
consistent with the observed 180° angle if non- 
twin boundaries are associated with energy cusps. 

The data show also that a grain boundary in a 
sheet specimen may deviate from perpendicularity 
with the surface and thereby reach a lower energy 
position for the entire boundary. As a result we 
may obtain, as in the present experiment, a’common 
junction line tilted as much as 60° to the surface. 
Although apparent, it is important to point out that 
the present results show the existence of boundaries 
which are far from their minimum area positions 
and hence are themselves evidence for an appreci- 
able effect of boundary orientation on boundary 
energy. 

3-Grain Groups with One Set of 
Twin Related Grains 


Specimens: A method of producing 3-grain speci- 
‘mens with grains in predetermined orientations was 
described in earlier papers.*»* This method was also 
used in the preparation of the present specimens. 
In specimen Q@1 each grain had the (110) plane in 
the plane of the sheet and the [001] direction as 
shown in fig. 8, grains 1 and 2 being approximate 
twins. During preparation of this specimen, the 
boundary orientation of grains 1 and 2 was con- 
trolled as closely as possible, resulting in an ap- 
proximate {112} twin boundary for these near twin 
grains. 

In order to produce grains in exact twin orienta- 
tion with each grain having the (110) plane in the 
plane of the sheet, recourse was made to the 
phenomenon of twinning by stimulated nucleation.’ 


02 


Requirements considered necessary for a successful 
application of this phenomenon were: (1) a matrix 
of fine grains which would support growth of a 
single grain after the matrix was strained a small 
amount, and (2) a matrix which would support 
growth of a twin grain preferentially to-that of the 
starting grain. Since the desired orientations were 
(110) in the plane of the sheet, the problem was to 
prepare a material that would support growth of 
the (110) [001] orientation preferentially over the 
twin orientation 70°32’ away without losing the 
ability to support growth of this latter orientation. 
Cold rolled silicon iron, which develops a sharp 
(110) [001] texture by selective grain growth,” 
would be unsuitable for the present purpose be- 
cause of its narrow range of orientations for per- 
missible grain growth. 

A satisfactory material was made by cold rolling 
a hot rolled band from a thickness of 0.1 in. to 0.030 
in., decarburizing at 850°C to a final carbon content 
of about 0.004 pct, cold rolling from a thickness of 
0.030 in. to 0.025 in., annealing a short time at 800°C, 
and finally straining 2.5 pct in tension. Instead of 
starting the growth of two reoriented seed grains as 
is normally done in the preparation of a 3-grain 
specimen, the present method consisted in starting 
the growth of one grain having the (110) plane 
parallel to the sheet and the [001] direction 70.5° 
from the rolling direction. 

During a short anneal in a gradient temperature 
furnace, two new grains in the (110) [001] orienta- 
tion were obtained as the result of twinning. These 
grains grew adjacent to the mother crystal. As ex- 
pected, however, the boundaries of the twin grains 
were not straight like those in copper, but were 
irregular in shape as a result of anisotropic growth 
in the strained matrix. To complete the sample 
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another grain, after reorientation, was grown from 
the opposite end until it met the three grains pre- 
viously formed. This sample was then cut into two 
3-grain specimens called Tl and T2. 

The orientation of the boundaries between the 
twin grains in these specimens was nearly ideal for 
an attempt to make them coincide with specific 
crystallographic planes. This could be done by 
causing the open ends of the boundaries to move a 
small amount. Notches for this purpose, therefore, 
were made in specimen T1 (see fig. 11) in such a 
way that the boundary between grains 1 and 2 
would tend to move towards coincidence with a 
common {112} plane during subsequent annealing. 
Similarly the 1-2 boundary in specimen T2 was cut 
in the hope that it would form on a {111} type plane 
and thus produce {111} twins in silicon iron. Fig. 9 
and 10 give the orientations of the grains in each of 
these specimens. It will be noted that the groups are 
identical except for reversal in the notation for 
grains 1 and 2. 

Annealing at high temperatures, as described in 
the first section of this paper, was carried out to 
equilibrate the grain boundaries. Annealing sched- 
ules were as follows: 

Q1:..(1) 24 hr at:1200°C, (2) 8 hr at 1460°C, (3) 
10 hr at 1400°C, (4) 48 hr at 1400°C, (5) 47 
hr at 1400°C, all in an atmosphere of argon. 

it and -T2: -(1):.d2hr “at-1300° Cn) barat 

1200°C,. (3)>10:hr-at,1300€C,+ (4) 12 
hr at 1300°C, (5) 4 hr at 1200°C, and 
(6) 47 hr at 1400°C, all in argon ex- 
cept the 1200°C anneals which were 
run in pure dry hydrogen to effect 
additional purification of the samples. 


Structures: The changes in the grain boundaries 
of specimens Tl and T2 produced by annealing at 


R.D- 


high temperatures are shown by the photographs in 
fig. 11 and 12 taken before and after anneals. 

A significant change in specimen T1 is the early 
straightening of portions of both parts of the 1-2 
boundary to coincide with the {112} twin boundary 
(such behavior was not noted in specimen @1 for 
the “near twin” grains). Interesting also is the 
removal of the edge grain during the last anneal and 
the register of a twin boundary through thermal 
etching. 

The 1-2 boundary of specimen T2 did not 
straighten even with extra notching, which was em- 
ployed in an attempt to put the boundary in the 
desired {111} orientation. Also, the junction line 
failed to reach perpendicularity with the sheet, but 
consistently remained tilted 5 to 10°. 

The micrograph shown in fig. 13 gives the final 
grain configuration of specimen T1 after polishing 
and etching (reversed in photographing). Diffi- 
culties were encountered in disclosing the twin 
boundary without overetching the other boundaries. 
The angle opposite the twin boundary (6@;) is 167° 
and this was reached early in the anneals. The 
other two angles, however, continued to change in 
the anneals, @; increasing about 10° after the first 
anneal to a value of 82° and @, decreasing about 10° 
to a value of 111°. 

The directions of the final grain boundaries for 
specimens Q1, T1, and T2 are given in fig. 8, 9, and 
10 respectively: The 1-2 boundary of Q1 is about 


-4° from an approximate {112} twin plane for grains 


1 and 2 (such a plane would lie halfway between 
the [001] directions of these grains). The 1-2 


boundary of T1 (see fig. 9) coincides with the (112) 
twin plane within an experimental error of 1°; so 
{112} twins were obtained in this specimen. In 
specimen T2, however, {111} twins were not ob- 


Fig. 10—Stereo- 
graphic projection 
showing orientations 
and boundaries of 
grains in specimen T2. 
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Fig. 11—Specimen T1. ic ® Fig. 12—Specimen T2. 


A. Original specimens. Etched. X7.5. 
B. After 12 hr at 1300°C. Etched. 
X75. 


C. After fifth anneal. Hydrogen 
etch. X7.5. 

7 D. After final anneal. Thermal etch. 

X75. 
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Fig. 13—Specimen T1 after final anneal. 
Nital etch. 500. 


tained because the 1-2 boundary of the twin grains 


(see fig. 10) is 21° from the (111) plane. The solid 
line passing through V, the common junction line, 
gives the orientation of the 1-2 boundary, and the 
normal to this boundary is the point P. All three 
poles of possible {112} twin planes—and these apply 


also to specimen T1—lie in the (111) plane as shown. 


Only the (112) pole falls anywhere near a position 
which would represent a plane perpendicular to the 
sheet (this is the one obtained in specimen T1). 


Although the (111) plane is also perpendicular to 
the sheet, the 1-2 boundary is removed from it both 
azimuthally and by tilt. 

Discussion of Results: From the nature of the 
data and expected energy cusps, an equation of the 
form of Eq 2 should be employed for specimens T1 
and Q1. The required equation is 


E,, + E,3 cos 62 + E,s cos 6, + & Ex, sin 0, — 
€& ES sin (10) [5] 


with the ¢’s introduced explicitly. (To agree with 
the notation of Shockley and Read, we should think 
of the present specimens turned over so that the 
sequence of grains 1, 2, 3, is counterclockwise and, 
therefore, in the direction of increasing ¢). We 
believe that «, and «, may be neglected for specimens 
Tl, Q1, and T2. Making these assumptions we 
obtain 

Exp + Ezz COS 02 ++ Exe COS 0, = O [6] 


In order to obtain E, relative to E., and Ei, we 
shall set E., and E,, both equal to 1, which seems 
reasonable according to the curve of fig. 10 of ref. 2. 

The 1-2 boundary in specimen T2, however, is not 
in a Minimum energy position, so Eq 3 can be used 
with e«, and e, set equal to zero, it being remembered 
that the 2-3 and 1-3 boundaries of specimen T2 are 
the same as those of T1 except for boundary orienta- 
tion. As in specimen T1 we set E.; and E,; both equal 
to 1. Substituting in Eq 3 gives 

1 are 1 1 

sin@é, sin@,+.«,cos# — sin #.— e,cos 6. [7] 


This equation and the equation of definition of «, 


determine E,,, ¢; and iOEizs for specimen T2. 


The equilibrium angles are the angles between ihe 
grain boundary directions. These directions as 
given in fig. 8, 9, 10 were determined relative to the 
direction R. D. by direct measurement of the speci- 
mens at a magnification of 200 diam with a micro- 
scope attaehment for reading angular positions. The 
equilibrium angles and the calculations made with 
them using Eq 6 for Q1 and T1 and Eq 7 for T2 are 
given in table I. 


Table I. Equilibrium Angles and Relative Grain 
Boundary Energies of Specimens QI, T1, and T2 


Specimen Equilibrium Angles Relative Energies 
Pll 2 Fe - OE. 
61 62 | 3 Exz | Ex3 Ex; €3 Odi2 

Q1 107 aT | 142 0.65 al 1 

Zink 82 i ly ie 167 0.22 1 1 
T2 102 131 | 127 0.86 i 1 0.26 | 0.22 


Of major interest in these results is the relatively 
low value of the {112} twin boundary energy as 
given by the figure 0.22 in the table. Whether or 
not this energy is too high, the removal of the edge 
grain in specimen T1 by grain boundary movement 
may be taken as evidence in favor of a value ap- 
preciably above zero (the driving energy for similar 
boundary movements recently has been discussed”) . 
The thermal etching of the twin boundary is also 
evidence of grain boundary energy. 

Another interesting result is the fact that the 
value of E,. for a “near” {112} twin boundary is 
much larger than E,, for an exact twin boundary. 
The value of 0.65 of Q1 is not strictly comparable 
with the value 0.22 of Tl because of no common 
reference points, but the magnitude of the difference 
justifies the conclusion that boundary energy in- 
creases rapidly with departure from the twin con- 
dition—a result that is in agreement with the 
theoretical predictions of Shockley and Read.‘ There 
are two features to the theoretical predictions: (1) 
a rapid increase in energy with departure from the 
twin orientation and (2) a rapid increase in energy 
with departure of the boundary from the twin plane, 
the orientations remaining in a twin relation. This 
latter effect provides a reasonable explanation of 
the rapid straightening of the 1-2 boundary of 
specimen Tl, which occurred during annealing. 
Since the area A of a boundary alters only to a small 
degree toward the end of a straightening process, 
the total boundary energy (product of E and A) 
decreases mainly because E itself decreases as the 
boundary approaches the minimum point of an 
energy cusp. 

Finally the results obtained on specimen T2 are 
interesting for two reasons. First the results show 
the existence of a relatively high energy (namely, 
0.86) in a grain boundary of twin oriented grains. 
Secondly it can be seen that estimates of the grain 


boundary orientation effect (i.e. values of « See ) 
can be made using Eq 3 if the «’s and E’s of er 
boundaries are known. 

A rough curve of E versus ¢ for the boundary 
between twin related grains may be drawn from the 
data on orientation relationships and the E and « 
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values of table I. Such a curve rises rapidly near 
the {112} twin boundary and slowly at a point 70° 
away. Qualitatively this result is in agreement with 
a {112} cusp predicted‘ for twin related grains. 
An energy cusp is expected for certain symmetri- 
cal arrangements of the lattices of two grains rela- 
tive to the boundary between them‘ and both {112} 
and {111} twins have the symmetrical relationship. 
Whether or not a drop in energy occurs when the 
boundary approaches the orientation of the {111} 
common plane cannot be determined from the 
present data. Since energy changes rapidly near 
a cusp position, it probably would be necessary to 
put the grain boundary within 5 or 10° of a cusp 
position before the boundary would move by itself 


to the minimum energy configuration. Consequently 


failure to make {111} twins in specimen T2 may be 
due mainly to the fact that the boundary was never 
brought near enough the “cusp position.” 


Comments on Energy Cusp Boundaries 


When two grains are related exactly according to 
some simple crystallographic law as, for example, 
“twin related,” the possibility exists for low energy 
boundaries and energy cusps for certain orientations 
~ of the boundary. The orientation of a boundary may 
be described in terms of the crystallographic plane 
of each lattice which coincides with the boundary. 
We therefore shall indicate in the following such 
boundaries by attaching subscripts 1 and 2 to the 
crystallographic notations, these subscripts referring 
to the two lattices respectively. 

In the case of twin grains of silicon iron (a BCC 
lattice), the present data are in agreement with a 

{112},, {112}. energy cusp boundary. Results on 
specimen G indicate (1) a possible {110},, {110}. 
energy cusp boundary and (2) a {112}., {552}. low 
energy boundary. The behavior of the 1-2 boundary 
in specimen T2, however, puts doubt on the {112},, 
{552}. possibility. The point P, the pole of the 1-2 
boundary, is 6° from the correct point which lies on 
the basic circle and 19°28’ from the pole of the (111) 
plane. It would be expected that the 1-2 boundary 
if only 6° away would have moved into coincidence 
with a minimum energy position, and also would 
have formed a straight line in the surface of the 
specimen. Actually these changes did not occur. 

Shockley and Read* predict energy cusps in twin 
related grains for (1) {111}, {111}.;° (2) .{110},, 

{114},; and (3) {112},, {112}, boundaries. 

In the case of second-order twins, the data for 
specimen G suggest an energy cusp for a {110}, 

{110}. boundary. Theory* also indicates energy 
cusps for {114},, {114}. and {221},, {221}, boundaries. 
Grains in these configurations could be called {114} 
and {221} twins respectively. The {110},, {110}. 

~ configuration, however, does not satisfy the reflec- 
tion law which is definitive for twins. 

Because of these interesting possibilities an in- 
vestigation has already been started at this labora- 
tory to determine the existence of various energy 
cusp boundaries. In such work it has been found 
convenient to use 2-grain specimens. 2-grain 
specimens also offer the possibility of studying 
quantitatively “the effect of boundary orientation 
on boundary energy” because the mathematical re- 
lationships involved are relatively simple. 


Summary and Conclusions 


An investigation of energy in twin boundaries has 
been undertaken. Silicon ferrite specimens con- 
taining twin related grains were prepared using the 
phenomenon of “annealing twin formation.” In the 
study of changes that took place during specimen 
preparation and during subsequent annealing, the 
following points of interest were noted: 

1. On annealing one specimen consisting of twin re- 
lated grains, it was found that a combination of 
two twin boundaries and one second-order twin 
boundary was unstable because of low energy in 
the twin boundaries. Under these conditions the 
total grain boundary area increased as the system 
moved to lower energy. Although constant angles 
were obtained for the specimen, it was concluded 
that none of the equilibrium equations could be 
used to calculate relative interface energies. 

2. It was found possible (a) to make exact twin 
oriented grains having the (110) plane in the 
plane of the sheet and (b) to vary the boundary 
orientation over wide ranges. An attempt to 
make {112} twins in this manner proved success- 
ful; a similar attempt to make {111} twins, how- 
ever, was not successful. 

3. Using specimens as indicated under (2), (a) a 
{112} twin boundary with an energy between 
one-fifth and one-fourth that of ordinary bound- 
aries was found, (b) boundary energy increases 
rapidly with deviation from a twin condition, (c) 
depending on orientation of the boundary, high 
as well as low boundary energy occurs in twin 
related grains, and (d) a {112} twin boundary 
like any other boundary will thermally etch at 
high temperatures producing a visible groove 
that coincides with the position of the boundary. 
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Behavior of Pores 


during the 


Sintering of Copper Compacts 


by F. N. Rhines, C. E. Birchenall, and L, A. Hughes 


TUDIES upon the sintering of metal powders, in 

the solid state, have led to the proposal that the 
surface energy of the powder particles provides the 
driving force that causes points of contact between 
pairs of particles to grow into broad welds which 
isolate the residual vacant space into pores that 
tend to spheroidize and gradually to diminish in 
total volume.’ Investigators differ with regard to 
the mechanism of the movement of the metal, under 
the influence of surface energy, to accomplish these 
changes. One school asserts that there is a mass 
movement of the metal, referred to as a ‘‘viscous 
flow,” while the other school prefers to view the 
movement as a self diffusion process, wherein indi- 
vidual atoms are transferred without disturbance of 
the basic pattern of the crystal lattice. Extensive 
experimental studies upon the sintering of copper, 
conducted recently by A. J. Shaler,’ have been in- 
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terpreted by their author as support for the viscous 
flow mechanism of transport, the theory of which 
was developed originally by J. Frenkel.* Duplicat- 
ing a portion of this work with minor changes, G. C. 
Kuczynski* is led to the alternate view, namely, 
that the initial stages of sintering, at least, proceed 
as a self-diffusion process. Both of these investiga- 
tions were designed to deal with an isolated unit of 
sintering, i.e., with the shrinkage of a single pore, or 
with the growth of a single point weld. It remains 
to ascertain the behavior of a typical metal powder 
compact composed of a large number of particles of 
varying size and sintering to a body with a multi- 
plicity of pores. The observation of density changes 
alone during sintering is not sufficient in such a 
case; it is essential to know how the internal geo- 
metry of the compact changes. This has been the 
object of the present investigation, the results of 
which are used to support the self-diffusion mecha- 
nism of sintering. 

The present studies consist in the measurement 
of the number of pores as a function of size and 
time at temperature during the sintering of a copper 
compact made from a commercial copper powder 
lightly pressed and sintered in several different 
atmospheres. A brief survey was made also of the 
change in shape of the pores, under the influence 
of the same variables. All of this was done by direct 
observation with the microscope. Densities were 
measured on the same sample. It is found that, 
while the compact is exhibiting an overall shrink- 
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age in volume, the pores exhibit progressive growth 
with a decrease in their total number, the reduc- 


Table I. Particle Size Analysis of the Copper Powder 


becomes larger as sintering progresses. It is note- 
worthy also that all porosity soon disappears from 
the immediate neighborhood of the external sur- 
face of the compact. As has been observed by pre- 
vious investigators, the pores change in shape from 


Mesh Size Pct by Weight a highly complex form towards more or less equi- 
axed shapes. All of these changes proceed much 

150 O4 more rapidly as the temperature is raised. 

250 11.1 : 

325 20.4 Experimental Procedure and Results 

trace 

20 29.6 All of the compacts used in these studies were 

0 21.4 : 5 

5 7'8 made from a single lot of reduced oxide copper 
—5 2.0 powder, the particle size analysis of which is pre- 


tion in number being accomplished by the dis- 
appearance of pores of smaller size. The critical 
size, below which all pores shrink and disappear, 


sented in table I. 

Upon receipt, this powder was carefully blended by 
hand “rolling” and was sealed in small glass vessels 
until the moment of its use. While a special effort 


Table II. Pore Counts in Surface Area of 0.0293 sq cm 
Hydrogen Treatment 


Pore Size Equivalent to Square with Side of Length (mm) 
Temp. °C | Time (Hr) 0.034 0.025 0.017 0.012 0.009 0.006 0.004 0.003 smaller 
800 ib 0 0 0 18 41 361 677 1496 1798 
800 10 0 0 1 17 33 421 566 1370 1695 
800 100 0 2 5 24 53 291 568 1423 1730 
800 1000 0 2 5 27 61 302 548 1339 1638 
900 1 4 9 16 51 163 545 803 1654 1255 
900 10 0 7 27 61 256 . 399 651 1423, 953 
900 100 1 4 69 199 371 765 1263 850 743 
900 1000 3 18 65 316 925 1085 872 757 639 
1000 1 0 15 65 413 1397 2987 2340 1415 1189 
1000 10 7 21 73 221 683 1208 1645 1024 674 
1000 100 7 44 93 293 769 824 514 392 314 
1000 1000 24 49 113 241 357 272 133 66 39 
Table III. Pore Counts in Surface Area of 0.0293 sq cm 
Vacuum Treatment 
Pore Size Equivalent to Square with Side of Length (mm) 
Temp. °C | Time (Hr) 0.034 0.025 0.017 0.012 0.009 0.006 0.004 0.003 smaller 
800 1 0 3 17 149 233 374 685 1431 2206 
800 10 0 0 9 47 94 129 320 1196 2163 
800 100 0 33 89 181 318 677 878 807 1500 
800 1000 0 8 101 145 307 536 750 1360 1450 
900 ¥ at 14 15 59 99 226 680 1515 1867 
900 10 2 7 14 34 98 243 731 1486 1686 
900 100 4 3 23 54 130 283 568 1270 1122 
900 1000 5 13 87 194 327 347 627 1270 1301 
1000 1 0 6 32 74 145 221 351 805 1509 
1000 10 Al 10 34 185 435 866 1464 2096 1424 
1000 100 3 12 40 123 181 425 923 1044 833 
1000 1000 BN 17 56 133 306 590 1243 1101 865 
Table IV. Pore Counts in Surface Area of 0.0293 sq cm 
Argon Treatment 
Pore Size Equivalent to Square with Side of Length (mm) 
Temp. °C | Time (Hr)| 0.096 0.068 0.048 | 0.034 0.025 0.017 | 0.012 0.009 0.006 0.004 0.003 | smaller 
5 119 589 1135 1753 1894 
eon 8 . 14 169 715 1026 1482 1681 
800 10 0 0 0 0 0 0 
800 : 100 0 0 0 0 1 41 138 297 581 1152 1533 1599 
800 1000 0 0 0 0 4 28 80 207 486 842 1384 tee 
1 0 0 0 0 1 3 209 618 1100 1224 1294 135. 
aM 10 (0) (0) 0 0 6 79 175 498 743 1296 1435 1338 
aS 100 0 0 0 2 18 65 139 270 792 1267 1118 pete 
900 1000 1 10 17 55 172 264 284 454 440 352 292 ae 
1000 ct 0 0 a) 0 0 6 104 503 620 1361 1605 cron 
i080 10 0 0 0 0 0 8 53 464 746 1331 1844 aa 
1000 100 0 0 0 0 3 172 210 553 676 672 ae ee 
1000 1000 0 0 0 1 9 28 152 647 862 673 60 
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PER CENT POROSITY 


AS 
PRESSED 


TIME IN HOURS 


was made to secure powder of high chemical purity, 
it is evident from the microstructure of the sintered 
compacts that this powder contained a small amount 
of nonmetallic impurities in addition to the ex- 
pected surface film of copper oxide. Cylindrical 
compacts 0.876 in. in diam and approximately 0.4 
in. high were pressed, without lubricant from about 
30 g of powder, in a double acting steel die, at a 
unit pressure of 12,700 psi. 

Sintering treatments were conducted in thermo- 
statically controlled electric resistant furnaces 
wherein the heating chamber consisted of a hori- 
zontal silica tube. The samples were set on edge in 
alumina lined boats which were introduced into the 
furnace before heating and were removed only after 
the furnace had cooled to room temperature. About 
a half hour was usually required for the furnaces 
to reach the control temperature and a maximum 
of about 10 hr for cooling. The atmospheres used 
were: tank hydrogen, dried by passing through 
calcium chloride, high purity tank argon, and a 
moderate vacuum in which the atmosphere con- 
sisted of somewhat less than 1 mm pressure of air 
(i.e., the vacuum produced continuously by a labo- 
ratory type vacuum oil pump). Schedules of the 
heat treatments run are included in tables II, III 
and-IV. No less than four and often as many as 
twelve check samples were treated under each set 
of conditions. 

Density measurements were made by weighing in 
water and air. A thin paraffin coating was applied 
to each sample to prevent entrance of water into 
the pores during the test. The results of the density 
measurements are presented in fig. 1, 2, and 3, 
wherein the average per cent porosity of the as- 
pressed samples is indicated at the left edge of each 
graph, and the curves record the variation of density 
with time under each of the conditions of sintering. 
Each plotted point represents an average of at least 
4 and at most 12 separate tests. 

Pore counts were made directly with a micro- 
scope, using a grain size measuring eye-piece. The 
latter is a device which superimposes upon the 
image of the specimen a selection of eight squares 
of descending size, see tables II, IIJ, and IV. With 
this equipment, the number of pores in each of nine 
size ranges (12 for the argon treatments) was 
counted in a specified area of surface. Each pore 
was identified as such and. distinguished from in- 
clusions by applying the focusing test and was then 
matched in total cross-sectional area to one of the 
comparison squares. 


Fig. 1 (left)—Change in density of samples 
sintered in hydrogen. 


Fig. 2 (below)—Change in density of samples 
sintered in vacuum. 


PER CENT POROSITY 


AS 
PRESSED 


TIME IN HOURS 


This method of size classification, although leav- 
ing much to be desired, was adopted only after sev- 
eral other optical and X ray procedures had been 
tried. It ignores both the shape of the cross section 
of the pore and the depth, but it does yield a 
measurement that is proportional to the true pore 
size for any established shape. Since the shape 
changes proceed more slowly than the volume 
changes, this measurement is capable also of re- 
vealing pore volume changes in a semiquantitative 
way. 

Under these circumstances any attempt to achieve 
a high degree of precision in the size classification 
may appear pointless. It remains desirable, how- 
ever, to insure that all measurements be comparable 
and, to this end, the procedures used in preparing 
the polished surfaces and in counting were care- 
fully planned and standardized. Chief among the 
precautions taken was a system of polishing the 
specimens in groups, in polishing clamps, with re- | 
grouping and repolishing, after counting a first time, 
so as to detect any variation in the pore count that 
might arise through inadvertent deviations from 
the prescribed polishing procedure. Ordinary polish- 
ing techniques were employed, using the sequence 
of smoothing on fine emery paper, followed by rough 
polishing with 600 grit alundum and finishing with 
Fisher No. 3 levigated alumina on a Gamal cloth. 
Prior to counting, the samples were lightly etched 
with a dichromate reagent, in order to remove flow 
and to reveal the grain boundaries. This treatment 
did not noticeably enlarge the pores; indeed, it ap- 
pears that the pore size has been underestimated 
rather than the reverse; see typical structures in fig. 
4, 5, 6 and 7. 


On each sample the pore count was made along. 
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two traverses wherein all pores coming within the 
field of view were counted throughout the length 
of the traverse. These traverses were made per- 
pendicular to the flat surface of the cylindrical 
specimen, one being close to the external surface 
and the other close to the center line of the speci- 
men. Since each specimen was polished and measured 
twice, there were four sets of counts which were 
added to give the total pore count, see tables II, III 
and IV. The total area over which the count was 
made was approximately 3 sq mm. 

For the study of the change in shape of the pores 
during sintering, observations were made on en- 


PER CENT POROSITY 


| 10 100 1000 
TIME IN HOURS 
Fig. 3—Change in density of samples sintered in 
argon. 


AS 
PRESSED 


larged micrographs of typical areas in each of the 
specimens. The measurement here consisted in a 
planometric measurement of the area of each pore 
and a linear measurement of its perimeter. These 
two measurements were converted to a ratio, namely: 
the perimeter divided by 2 z times the radius of a 
circle of area equal to that of the pore cross-section. 
About 50 pores were so measured on each specimen 
and the shape factor ratios presented in table V 
represent the average of this number of observa- 
tions. The only clear trend exhibited in this table 
is that shown in hydrogen sintering at 1000°C (a 
most favorable case), where the shape factor pro- 
gresses regularly toward unity (spherical). It is to 
be understood that the shape factors of the pores 
in a given sample deviated greatly from the mean. 


Discussion of the Observations 


A clear qualitative impression of the volume 
“changes that are being experienced by the pores 
during sintering may be had by reference to fig. 8, 
a schematic representation of results for a single 
temperature from table II. Here it is apparent that 
the pore count reaches a maximum for some inter- 
mediate pore size and that the size corresponding 
to this maximum increases with time of sintering, 
while the height of the maximum is decreasing. This 
means that, individually, each pore, larger than the 
minimum size, grows for a time and then shrinks to 
ultimate disappearance. On the average, those pores 
that are larger than the size at the maximum count 
‘are growing, while those smaller than this are 
shrinking. No change in the total volume of porosity 
need occur, only a growth of the larger pores at the 


Table V. Average Shape Factors* 


Treatment Time 
He, °C 1 10 100 1000 hr 
800 1.50 1.3, 1.26 1.22 
900 1.40 1.30 1.27 1.22 
1000 1.42 1.26 23 1.17 
Vacuum (low air pressure) 
800 1.30 1.34 1.30 1.30 
900 1.25 1.25 1.26 1.26 
1000 1.25 1.25 1.25 1.30 
Argon 
800 1,22 1.28 1.21 1.24 
900 1.22 1.32 1.36 1.22 
1000 1.19 1:32 1,22 1.26 


* Note—The shape factor is the ratio of the measured perimeter 
of the pore section divided by 2 7m times the radius of the circle 
of the equivalent area. For a circular cross-section the factor 
would be 1.00 


expense of the smaller ones. A net reduction in the 
total pore volume may, on this basis, be regarded 
as the “growth” of the space outside the bounding 
surfaces of the sample. That this is probably the 
true mechanism of total volume shrinkage, after 
the pores have become isolated, is indicated by the 
additional observation that there is always a region 
next to the external surface where no pores are 
present. 

Attention is directed to the fact that the pore 
count curves in fig. 8 progress rather steeply down- 
ward from their maxima toward the smallest pore 
size observed. This suggests that the number of sub- 
microscopic pores is small; their volume would 
make a negligible contribution to the total volume 
of porosity in the sample. It suggests also that the 
velocity of shrinkage of the pores becomes very high 
as their size becomes very small. While this condi- 
tion is most evident in the case of the samples sin- 
tered in hydrogen at 1000°C (fig. 8 and table II), it 
appears to be general for all conditions of sintering, 
with the exception that the existence of a maximum 
pore count at some submicroscopic pore size must 
be taken on faith in some of the series sintered at 
the lowest temperature. 

Turning to the opposite ends of the pore count 
curves, fig. 8, it is seen that there is an actual in- 
crease in the number of pores of the larger sizes as 
sintering proceeds. In most cases, long sintering in- 
duces the appearance of pores of larger size than 
any found at shorter times, see tables II, III and IV. 
There is little difference in this respect between the 
samples sintered in hydrogen and those sintered in 
vacuum, but the growth of the largest pores be- 
comes exaggerated and the density begins to de- 
crease upon sintering in argon for long times at 
900°C, see table IV and fig. 3. From this it may be 
concluded that there is a definite effect of entrapped 
gas upon the growth of pores; hydrogen, which 
diffuses rapidly through copper has no more effect 
than a low air pressure, but argon, which diffuses 
very slowly, tends to expand the pores. The ab- 
sence of a marked effect of this kind, when sinter- 
ing in argon at 1000°C suggests that the faster dif- 
fusion of this gas at the higher temperature permits 


TRANSACTIONS AIME, VOL. 188, FEB. 1950, JOURNAL OF METALS—381 


Fig. 4—Micro- 
structure of Cu 
compact sintered 
1 hr at 1000°C 
in hydrogen. 


Fig. 6—Same: 
100 hr at 1000°C 
in hydrogen. 


better escape through the external surface at a rate 
such as to avoid any large increase in pressure 
within the pores. Density measurements still indi- 
cate an increase in total porosity. 

The presence of an oxide coating might be ex- 
pected to interfere with either surface diffusion or 
vapor transport of metal to alter the pore shape, see 
table V. Only in the presence of hydrogen, which 
reduces copper oxide at the sintering temperature, 
was regular variation in the shape factor found and 
the trend toward unity (spherical form) was most 
clearly apparent here at the highest temperature, 
where the process is expected to be most rapid. The 
erratic behavior of the shape factor in vacuum and 
argon sintering is doubtless to be associated with 
the interference of unreduced copper oxides and 
other foreign matter.. While the shape factor used 
in this instance is admittedly a crude and rather 
insensitive measure of shape, the fact that the 
values obtained were often erratic, indicates that a 
more sensitive expression of shape would offer no 
advantage. 

Efforts by earlier investigators to fit curves of 
density versus time of sintering to some mathemati- 
cally simple form have been consistently disappoint- 
ing and no simple form is apparent in the curves 
presented in fig. 1, 2 and 3. Neither is there any 
simple function apparent in the progressive change 
of the pore count with time of sintering. This may 
mean that the progress of sintering is dependent 
upon two or more processes that operate under dif- 
ferent sets of laws, such as a mechanism of metal 
transport, perhaps simple in itself, but operating 
within a geometrical pattern that changes concur- 
rently in a less simple way, with a superimposed 
effect of gas pressure varying in yet another manner. 

In order to analyze the volume changes that are 


Fig. 5—Same: 
10 hr at 1000°C 
in hydrogen. 


Fig. 7—Same: 
1000 hr at 1000°C 
in hydrogen. 


observed, it is desirable to find a precise means for 
describing the shape, size and quantity of porosity. 
The total volume of porosity, thus described, should 
be equal to that computed from the measured 
density. No satisfactory solution to this problem has 
been found, because of the almost infinite variety 
and complexity of the pore shapes. As an approxi- 
mation it may, of course, be assumed that the true 
pore shapes are effectively equivalent to certain 
simple geometrical forms; thus it might be as- 
sumed, for example, that they are equivalent to 
cylinders, parallelopipeds, tetrahedra, or spheres. 
When such assumptions are made their reasonable- 
ness can be tested by computing the density from 
the pore counts (considering all pores counted to 
have the assumed form) and comparing with the 
measured density; some comparisons of this kind 
are presented in table VI. 

The column headed “Cylindrical,” table VI, gives 
values of density computed from pore counts upon 
the assumption of cylindrical pores all lying per- 
pendicular to the plane of observation and extend- 
ing through the thickness of the sample. “Close agree- 
ment between the measured density and the density 
thus computed is shown under conditions of sinter- 
ing in hydrogen at 1000°C for times in excess of 
100 hr and less than 1000 hr. The prediction of a 
density lower than that measured at 1000 hr indi- 
cates that the pores are equivalent in shape to some 
form midway between a cylinder and a sphere. The 
overestimation of the density, upon this assump- 
tion, at the shorter sintering times, however, is dis- 
turbing, because it is difficult to conceive of a geo- 
metrical form that would yield a smaller cross- 
sectional area-to-volume ratio than does a cylinder 
cut perpendicular to its axis. This can mean only 
that the experimental method of classifying the 
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bores in size ranges has resulted in an underestimate 
of their true cross-sectional area that is the greater 
the more irregular the outline of the pore, i.e., the 


shorter the sintering time and the lower the sinter- 
ing temperature. 


Table VI. Comparison of Measured with Computed 
Density 


Treatment (in Ho) 


Computed Density 
°C Hr Measured Density Cylindrical Spherical 
800 1 5.29 8.76 8 
1000 1 6.77 7.83 8.85 
10 7.82 8.24 8.88 
100 8.09 8.29 8.88 
1000 8.5: 8 | 8.8 


Density values computed upon the assumption 
that the pores are all spherical are given in the 5th 
column of table VI. This represents the other ex- 
treme in which the ratio of cross-sectional area to 
volume is the smallest that can be had and should 
be expected to overestimate the density until the 
_Spheroidization of the pores reaches perfection. This 
condition is approached most closely by hydrogen 
sintering for 1000 hr at 1000°C, but that it was not 
actually reached was shown in table V. Some of the 
divergence between the computed and measured 
density at short times and low temperatures of sin- 
tering must be ascribed to experimental error as in 
the case of cylindrical pores. The method used for 
computing the volume of spherical pores from esti- 
mates of the cross-sectional area is the same as that 
proposed by Scheil’ for determining true grain size 
from measurements made upon a flat surface. The 
number of pores per cubic centimeter, used in plot- 
ting fig. 8, was also computed by this method. 


Conclusions From the Data 


Despite the uncertainties that are introduced by 
the lack of an adequate means for measuring and 
expressing the true pore shapes there are a number 
of qualitative conclusions, cited above,’ that seem 
firm. These may be summarized as follows: ‘ 

1. The total number of pores decreases progres- 

sively during sintering at all temperatures. 

2. The average pore size existing in the compact 
increases with time of sintering. 

3. There is, for each condition of sintering, a pore 
size which occurs in maximum number in the 
size scale, and this maximum shifts towards 
larger pore size as sintering proceeds. 

4. Late in the sintering process there exist pores 
which are larger than any present at the begin- 
ning of sintering. 

5. Pores are absent from a region Bdiseent to the 
external surface of the specimens. 

6. The rate of change of pore count increases 
rapidly with rising temperature. 

7. The progression | of the pore counts in aie 
heat treated in vacuum approximates that in 
samples heat treated in hydrogen except that 
there is much more scatter in the observations 
(possibly due to the presence of a larger quan- 
tity of nonmetallic inclusions). 


8. There is a positive decrease in the density of 
samples sintered in argon for a long time at 
900°C, and this decrease is associated with the 
appearance of some pores which are much 
larger than are seen in any of the other samples. 

9. The pore shape changes gradually from very 
complex forms toward a roughly equiaxed 
form, but the latter condition is attained only 
very approximately even at the longest times 
of sintering and at the highest temperatures 
used in this work. 

Somewhat less direct, and therefore less firm, 

conclusions that have been proposed are: 

10. Densification is ascribable to the loss of internal 
void space to the outside surface. 

11. The presence of hydrogen, which diffuses 
rapidly, has little effect upon the rate of change 
of pore size, but argon, which diffuses slowly, 
can have a marked effect. 

12. Densification begins long before the pores 
break up into discrete units and continues to 
progress rather more rapidly than does spher- 
oidization. 


Diffusion Theory of Sintering 


A satisfactory theory of the sintering process 
must contain in it an explanation of the phenomena 
described in the experimental part of this paper. In 
particular, it must agree with the firm conclusions 
arrived at, and if possible with those inferred from 
it. Such a theory must also be consistent with the 
fundamental aspects of the metallurgical science 
upon which it is based. In constructing a mechanism, 
it is desirable not only to identify the driving forces 
which produce the changes to be described, but 
specifically to relate these to the atomic processes 
which are involved. Other theories dealing with the 
process of sintering such as those described by 
Shaler and Frenkel, based on a viscous flow pro- 
cess, are not in themselves a mechanism but merely 
establish the surface tension as the driving force of 
the process and attempt to explain the phenomena 
by analogy with other processes also driven by sur- 
face tension, whose mechanisms are equally in doubt. 
A specific atomic mechanism will be proposed here. 

In describing the observations contained in the 
experiments recorded, one must provide for the 
transport of copper atoms from pore to pore and 
from one part of a pore to other parts in order to 
account for the change in size and shape of the void 
spaces in the copper powder compact. One of the 
characteristic features involved is that transport 
must occur between pores which are separated by 
solid copper in the annealed condition; that is, the 
matrix of the copper is not subject to mechanical 
strain or cold work in the latter parts of the sinter- 
ing process. To account for transport under this con- 
dition one must choose between diffusional and 
plastic flow mechanisms. The reasons for choosing 
the former will be discussed later. 

In accounting for the change of shape of pores, 
there are four possible mechanisms available. These 
include the two just stated for transport between 
pores, that is, body diffusion and plastic flow, and 
in addition, transport within the confines of a single 
pore space may take place by migration along the 
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surface of the metal, that is, surface self diffusion, 
or by transport through the vapor phase. It is pos- 
sible of course that some or all of these processes 
occur simultaneously. Calculations to be given will 
demonstrate that the vapor transport mechanism 
appears able to account for the spheroidization ob- 
served in these experiments at the highest tempera- 
tures during the early stages. It is possible that as 
the temperature is lowered some other process be- 
comes relatively more important. 

Admitting the surface energy as the driving force 
of the sintering reaction and considering the mode 
of communication between two isolated pores, it is 
desirable to consider the relative energies of forma- 
tion of the lattice site vacancies of diffusion theory 
and the dislocations of plastic fiow theory. Hunt- 
ington and Seitz’ estimated the energy to form a 
unit lattice vacancy in copper to be 1.5-1.8 electron 
volts while Koehler’ estimates the energy to form 
an isolated dislocation in copper as 3.16 electron 
volts per atomic distance along its length. It is obvi- 
ous from this that the energetic picture greatly 
favors the lattice vacancy as the transport unit in 
moving copper from one pore to another in the ab- 
sence of external forces. For this reason the vacancy 
diffusion mechanism will here be considered the 
only means of transport of copper atoms between 
disconnected pores. 

For the spheroidization process, the plastic flow 
mechanism will again be eliminated, because of the 
high energy required to initiate a dislocation. The 
body diffusion process also seems likely to be con- 
siderably slower than surface diffusion or vapor 
transport. A simple calculation shows this to be the 
case with respect to vapor transport. In addition 
Langmuir® in comparing the surface and body dif- 
. fusion of thorium in tungsten indicates that surface 
diffusion is much faster than body diffusion. Recent 
experiments by Nickerson and Parker® tend to sup- 
port this view. They have measured the rate of sur- 
face self diffusion of silver in the range of 200° to 
350°C. Over this range they find surface self diffu- 
sion to be relatively rapid, with an activation energy 
of about 10 kcal per mol, much lower than that for 
body self diffusion in silver.” A calculation of the 
rate of vaporization at the highest temperature in 
this range, 350°, indicates that it would take several 
years for the surface atoms of the silver crystal to 
vaporize. However, the heat of vaporization is con- 
siderably higher than the activation energy for self 
diffusion, and it is possible at higher temperatures 
that vapor transport could become much more im- 
portant than surface self diffusion in transporting 
atoms from one point to another within a single 
channel. The recent studies by. Kuczynski‘ of the 
rate of increase in diameter of the weld between 
spherical particles of copper and silver and plates 
of like material lead to inferred rates of body and 
surface diffusion. His equation for surface self dif- 
fusion of copper indicates the activation energy to 
be equal to that for volume diffusion. On the basis 
of the more direct measurements of Nickerson and 
Parker, it seems likely that this may be in error and 
that Kuczynski may have overestimated the role 
which surface self diffusion plays in spheroidization. 
In the absence of an adequate description of the 
geometry of his experimental setup, it is impossible 
to estimate the contribution which vapor transport 


might make to the growth of these regions. 


Spheroidization 


As a simple model of the spheroidization process, 
consider a tube whose cross-section is a three- 
cusped hypocycloid. This figure is shown in fig. Ya. 
The cross-sectional area is taken to be 1.96x10™ sq 
em, which is reasonably typical of the sample treated 
for 1 hr at 1000°C in hydrogen. The radius of the 
equivalent circle is 2.5x10“* cm. If the cross-section 
is now deformed to remove the sharp corners by 
transport of copper from the convex surfaces, a new 
cross-section with a shape similar to that shown in 
fig. 9b will result. The radius of curvature of the 
corners will be about 4.5x10° cm. If these figures 
represent the cross-section of a tube 1 cm long, 
7.0x10~ ce or about 6.26x10° g must be removed 
from each space and deposited in the adjoining 
corner. 

From the measured vapor pressure of copper, 
determined by Harteck” and by Marshall, Dornte 
and Norton,” it is possible to calculate the rate of 
evaporation and condensation from the kinetic theory 
of gases. When this is done as shown in the footnote* 


* The kinetic theory of gases gives the maximum rate of vapor- 
ization or condensation by G = a (M/2mRT)1/2p, where G is the 
mass of metal vaporized per unit area per unit time, M is the 
molecular weight, p is the vapor pressure, and qa is the accommoda- 
tion coefficient which will be taken to be unity. Harteck and 
Marshall, Dornte and Norton find the vapor pressure of copper to 
be 6.8x10--mm Hg at 1000°C. Vaporization can occur at a rate of 
7.9x10-6 g per cm? x sec. However, there is a greater area for 
vaporization than condensation so the pressure will be nearly the 
equilibrium value, and transport will be determined by the rate of 
condensation in the sharp corners. These will be progressively 
blunted and the back pressure over them will build up from zero 
(for infinitely small radius of curvature) according to the Kelvin 
2yM 1 
PRE Ne 7a 
in the text. Roughly, the condensation rate for the case above 
should average about 1.1x10-8 g per hr or 2.8x10-7 g in 25 hr, the 
time required to produce the change of shape factor in the powder 
compact corresponding to that of our model. The fact that the 
estimated rate is high by a factor of four is not significant in view 
of the approximations. 


equation In pi/p2 = 


== 2 } , symbols defined for Eq 1 
2 


it is evident that enough copper may be trans- 
ported by this mechanism to change the shape factor 
of the section shown in fig. 9 by an amount equiva- 
lent to that observed for the shape factors of the 
pore cross-sections for samples sintered in hydrogen 
at 1000°C. This rate is much greater than the trans- 
port by volume diffusion. Surface self diffusion 
measurements are not available for comparison, and 
it is possible that some contribution arises from this 
source. It appears, however, that at 1000°C vapor 
transport is sufficient, in itself, to account for the 
rate of spheroidization observed. As the vapor pres- 
sure decreases very rapidly with temperature, this 
may not be the case at lower temperatures. When 
high back pressures exist in the pores as may be the 
case when sintering occurs in argon, or when the 
surfaces may be covered with an oxide film such as 
could occur when reducing atmospheres are not 
present, that is in either argon or the “vacuum” 
used here, it is likely that vaporization would be 
greatly reduced. In the latter case surface diffusion 
should be similarly affected. This is in accord with 
the failure to observe marked changes in shape 
factors in the argon and vacuum sintered samples. 


Growth of Pores 
The present treatment must be regarded as a first 
approximation since the assumptions necessary to 
analyze the data and to solve the model permit only 
a semiquantitative comparison. The assumptions 
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and steps in the procedure will first be outlined to 
give an overall picture, after which the reasons will 
be given. 

The basic process is regarded as one of the “Vvapor- 
ization” of lattice site vacancies from the pores in 
accordance with the long recognized principle that 
vapor pressures are higher over smaller droplets. 
Rapid establishment of vacancy concentration equili- 
brium in the immediate neighborhood of each pore 
leads to concentration gradients with the high ends 
near small pores and the low ends near large pores 
or external surfaces. The flow of vacancies along 
the gradient builds up higher concentrations near 
large pores and external surfaces followed by con- 
densation thereupon, while evaporation must con- 
tinue from the small pores to maintain their equili- 
brium atmosphere. The net result is the elimina- 
tion of the smaller pores and the growth of their 
near neighbors at their expense. Some intermediate 
size will be static. Condensation of vacancies at the 
external surfaces accounts for the decreased density 
of the specimen. 

In order to facilitate calculation the distribution 
of irregular channels was replaced by a random dis- 
tribution of spheres whose total volume equalled 
that determined experimentally for the compact by 

‘density measurements. The relative populations of 
the various sizes were taken to be those obtained 
by applying the Scheil table to the cross-section 
counts. It is probable that this is a reasonable as- 
sumption from a qualitative point of view since a 
rambling pore is likely to interact with various 
neighboring pores at different parts of its extremities 
like nearly independent pores of differing radii of 
curvature. However, it is unlikely that quantitative 
agreement can be expected from such an-assumption. 

Further, it was necessary to assume nearly steady 
state flow along a linear gradient between pores. 
Each pore was assumed to interact with only a 
limited number of neighbors though all were 
affected by the external surfaces. These conditions 
were achieved in a somewhat artificial manner to 
be described, but it is not thought that these ap- 
proximations are serious in view of the degree of 
uncertainty introduced by replacing the true pores 
by a sphere distribution. The authors do not wish to 
gloss over the assumptions introduced nor slight the 
effect they are likely to have on the quantitative re- 
sults. The general qualitative behavior of the model 
is fixed by the mechanism assumed, and it should 
come as no surprise that the mechanism, chosen to 
fit experience, should endow the mathematical model 
with properties of the real system. 

The Kelvin equation relates the vapor pressure 
of a droplet of radius of curvature, 7, to its vapor 

pressure, p, the absolute temperature, T, and the 


surface tension, y, by: 
i 2yM ae aoe, +) [1 ] 


pRT T» tht 


where M is the molecular weight, p the density, and 
R the gas constant. We may replace the pressure 
by the concentration of holes in the lattice. If we 


In p/p = 


is 
take a flat surface for reference G = 0) the equa- 


tion becomes: 
2yM 


rpRT [2] 


ine/ca=— 


10,000,000 


1,000,000-> 


109000+ 


Number of Pores per cc. 


10,000--! 


Pore Diameter in cm. x 10% 


Fig. 8—Space diagram showing the population dis- 
tribution of pores of various sizes as a function of 
time at 1000°C in hydrogen. 


The dash-dot curve traces the pore size at which the largest 
number of pores is found at each time interval. 


In our calculations the surface tension values for 
solid copper determined by Udin, Shaler and Wulff” 
were employed. 

In order to estimate c,, it was assumed that the 
thermal energy of the crystal could be assigned to 
the lattice sites according to a Boltzmann distribu- 
tion. The fraction of the sites, f, having an energy 
greater than «, the energy necessary to form a 
vacancy in a copper lattice, were assumed to exist 
as vacancies. The quantity « was taken to be 39.7 
keal per mol following the procedure of Glasstone, 
Laidler and Eyring”. This value falls in the range 
prescribed by Huntington and Seitz. The results 
were: 


i ME ORES Geri LS)s 800, 900, 1000, 
feos Om me OROs Orava: Ox Om reen sx lias 


If these calculations are correct, the equilibrium 
lattice is so dilute in holes that their interaction 
with each other may be neglected. 

Consider a small sphere surrounded by a larger 
one concentrically, with equilibrium vacancy con- 
centrations c, and c, at their respective surfaces. As 
the sizes of the spheres change, c, and c, will also 
change. Instantaneously the gradient may be ap- 


proximated by = where Az is the distance be- 
ae 


tween the surfaces. The rate of diffusion of vacan- 
cies g, is equal to the negative of the gradient times 
D,, the diffusion coefficient for vacancies in copper, 
or: 


Ac holes 
Ax cm’ X sec 


[3] 


If the volume of a unit hole is vw. the number of 


these in a spherical pore is N, ae ie where r is the 


Bie wb) 
dN, 


radius of. the pore. The rate of loss of holes at 


is proportional to g, indeed: 


TRANSACTIONS AIME, VOL. 188, FEB. 1950, JOURNAL OF METALS—385 


SPHEROIDIZATION MODEL 


2.20 


ae 


124 


Fig. 9—Schematic representation of a pore before 
(left) and after (right) a limited time of sintering. 


Numbers below-each sketch are the shape factors; compare 
with table V. > 
1 dN, 1 dr 
ee p 4 
- 4nr° dt Come Bb 
dN,, 4nr’ dr 

2 Ea! 5 

dt Den Cle a 
dr = —v,D, Ac 

6 

dt Ax [6] 


It is easy to solve this simple case exactly. Apply- 
ing this to the case of a single pore near an external 


Table VII. Diffusion Coefficients for Vacancies in 


Copper 
T°C Dou Di 
700 6.0x10-12 5.0x10-3 
800 6.0x10-11 7.5x10-3 
900 4.0x10-10 1.0x10-2 
1000 2.0x10-9 1.3x10-2 


surface shows that the smaller sizes would dis- 
appear quickly at these temperatures, but that the 
largest pores would persist for very long times, 


under the influence of high temperature. 


In the 


body of the sample, where most of the. transfer of 
vacancies must be from pore to pore, this simple 
geometry is not adequate and it becomes necessary 
to consider the transfer between a pore and its sys- 
tem of neighbors. Before proceeding with this more 
complex analysis, however, it is necessary to evalu- 


ate D,, the coefficient of the diffusion of vacancies. 

It is generally regarded that self diffusion in 
copper occurs by a vacancy mechanism. If this 
mechanism is entirely: responsible for self diffusion, 
the vacancies, being present in very small amount, 
must move much more rapidly than copper atoms, 
on the average, in order to accomplish the necessary 
transport. Indeed the ratio of the number of holes 
to copper atoms must be equal to the ratio of the 
diffusion coefficient of copper atoms to the diffusion 
coefficient of holes. 

The ratio of the number of holes to copper atoms 
is the quantity f given above. Selecting reasonable 
values of the copper self diffusion coefficient from 
the four sets of data, permits the computation of 
the hole diffusion coefficients given in table VII. 

It is now desirable to set up a more complicated 
model for comparison of its behavior with that of 
the experimental compacts. Taking the sphere dis- 
tribution obtained from the Scheil’ table, and cor- 
recting it to give the experimental density, a ran- 
dom dispersion in the sample is assumed. Average 
distances between pores of any two sizes are ob- 
tained by arranging the total of the two sizes 
simultaneously on a simple cubic lattice and using 
the lattice parameter as the average distance be- 
tween pores. There will be six neighbors at distance 
a and eight at \/2a. The proportion of total solid 


angle cut off by the cross-section of pores surround- 
ing a central pore is inversely proportional to the 
square of the distance between, and the diffusion 
gradient varies inversely as the distance, so the re- 
sultant effect on flow is the inverse of the cube of 
the distance. The pores at distance \/2a and more 
distant pores should contribute enough to make 9 


a good approximation of the coordination number 
of the central pore. This must be weighted by the 
ratio of the number of pores of the second size to 
the total number of pores of both sizes. Finally 
the calculation must be carried out for all pairs 
of sizes. 

Allowance must also be made for the nearly plane 
exterior surfaces of the sample. The average dis- 
tance from a pore to its nearest surface is 0.173cm. 
As a rough approximation it was considered that 
the whole pore distribution was concentrated at this 
distance and all lost vacancies to the exterior. Neg- 
lecting the screening effect of pores on each other 


Table VIII. Rate of Change in Number of Pores 


800°C 900°C 
Time in Hr 
Sizet sat § 10 100 1000 1 10 100 1000 
aii —1.02x10® |—-1.02x109 |—6.16x108_| —4.80x108 | —5.18x108 |-—4.97x108 |—1.64x108 —8.04x107 
2 3.47x107_|  2.54x1071__1.57x107 1.13x107 | —1.62x10° |—8.19x10* |—3.41x10* |__2:60x10¢ 
3 1.66x10¢ 1.68x108 8.78x105 7.30x105 1.82x108 8.97x105 | _4.61x105 1.25x105 
4 3.25x105 4.10x10° 6.93x104 1.18x105 3.38x105 2.76105 1.88x105 1.41x105 
5 4.10x104 2.14x104 1.46x104 2.03x104 |.. 8.40x104 7.60x104 6.50x104 5.01x104 
6 2.61x104 4.14x103 4.86x103 4.26x108 2.60x104 2.57x104 2.40x104 1.59x104 
7 1.01x103 2.15x108 1.27x103 1.01x10+ 1.02x10+4 9.20x108 4.62x103 
8 4.41x102 1.12x103 8.30x102 4.75x108 4.80x108 3.65x108 1.75x108 
9 6.04x102 3.02x102 2.49x103 2.52x103 1.56x108 7.37x102 
10 3.78x102 1.93x102 1.55x103 1.53x103 6.48x102 4.08x102 
11 2.74x102 1.54x102 1.23x103 1.03x103 2.88x102 2.25x102 
_ 12 2.85x102 1.67x102 1.48x103 9.11x102 1.68x102 1.85x102 
density (calc.) 2.9x10-9¢ | 2.3 x10-®| 1.7 x10-9 1.3 x10-9 6.2 x10-9| 4.7 x10-9| 2.3 x10-9 1.7 x10-9 
density (meas.) 4.2x10-9 4.2 x10-7| 4.2 x10-8| 4.2 x10-9 8.4x10-6 7.8 x10-7| 6.1 x10-8 5.0 x10-9 


aw 


* Pores per hr fj ce per sec x cc 


~ The number listed is a coefficient which when multiplied by 0.000125 gives the pore radius in cm. 
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may tend to give high results, but irregularities in 
shape leading to quicker dissipation of pores at 
points of high curvature seem to overbalance this. 
From Eq 5: 
GN, 4ar, dr. 
Oe Oe dE 
ae leaving spheres of size r; per unit time. From 
6. 


where N; is the number of unit 


dN; 4 Ac 
dt —— an, IN ID). [7] 


By introducing N,, the number of pores of radius r,, 
Eq 7 now gives the rate of loss of vacancies from 
all pores of that size. 

An area factor must then be applied to weight the 
proportion of the vacancies emitted from a single 
pore which migrate toward pores of the different 
sizes. This is done by saying that that fraction of 
the total solid angle covering the emission to a given 
size is proportional to the square of its radius (r;°) 
divided by square of the average distance from the 
central pore (Az,,;”). A normalizing factor may then 
be found so that the total of all sizes adds to unity, 
or 


3 FY /ar? =A, =1 [8] 


At any instant a pore will be gaining vacancies 
from smaller pores and losing them to larger pores. 
For twelve size ranges of progressively larger radius 
(the radii employed are integral multiples of 
0.000125cm) and the exterior surface we have: 


12 AAC,, 
—4rr, N, D, = Ay, —— + 
ja) 


IN Co es 
AXy, 13 


47D, Nur? Ax, 


dN, 


(*) dt 


ie LN; 
(11) Sorte me 


The model, though admittedly crude, should show 
roughly the same behavior as observed in the pow- 
der compact and should give reasonable relative 
agreement in regard to which sizes are increasing, 
which decreasing, and how fast. 

The calculations required to apply this set of 
equations to the case at hand have been carried out 
for each of the four times in hydrogen at each of 
the three temperatures. The N; were those corrected 
to give the measured density. However, this cor- 
rection throws off the real count enough that some 
sizes, which are decreasing in number, appear to be 
increasing. For this reason it is necessary to com- 
pare our calculations with the rate of increase or 
decrease of pore count before density correction. 

The calculated values for the rate of increase or 
decrease in pore sizes 1 to 12 (number per hr) and 
the decrease in density of the sample (ce per sec 
per cc) are given in tables VIII and IX for all ex- 
periments carried out in hydrogen. The experi- 
mental rate of density change is given for compari- 
son at the bottom of each table. The discrepancies 
are large at low temperatures and short times, but 
agreement improves markedly at higher tempera- 
tures and longer times, the results at 1000°C and 
1000 hr being of the same order of magnitude. 

Numerical agreement in change in pore count is 
also poorest for the lowest temperatures and times, 
but the property of decrease in the number of small 
pores and increase in the large ones is always pre- 
served. The point at which the rate changes from 
positive to negative experimentally is indicated by 
the positions of the lines between the columns, and 
it is seen that this agrees well. In table IX the 
measured average rate of pore count change is given 
for 1000°C and 100 to 1000 hr. The agreement is 
considerably better than one might expect in view 
of the approximations made earlier. Indeed, the 
difference for most sizes is just about the factor in- 
troduced by the density correction. 

The theoretical equation, therefore, reproduces the 
behavior of the sample well when the pore shape 


12 INCE NIN Sree _has become regular, but cannot take into account 
ZAG; es Mos a the extreme irregularities of the pores in the early 
j=3 4 (ae stages of sintering. 
12 Nel Several predictions may be derived from the 
(ei Nig =— AD, SS Nr? = theoretical picture proposed here. 
an ADs, 13 1. In the sintering of a pure metal powder which 


Table IX. Rate of Change in Number of Pores 1000° , - 


- 


Calculated* Measured; 
Time ef 10 100 1000 100_5 1000 
Sizet 
i —1.1x10°§ —4,2x108 —5.5x108 —9.9x105 —3.5x104 
2 —6.1x107 —7.1x108 —2.6x108 —1.2x105 —2.4x10+4 
3° 3.0x10¢ 1.0x106 —2.3x105 —3.3x104 —1.3x10+4 
4 1.8x10¢ 6.7x105 2.0x104 —8.2x108 —5000 
5 8.9x105 3.4x105 2.6x104 1.9x103 —1200 
6 4.9x105 —— 1.9x105 1.8x104——._ 1.3x108 —220 
7 3.0x105 1.2x105 1.2x104 716 43t 
8 2.0x10° 7.4x104 7500 360 100 
9 1.3x105 5.1x104 5200 191 77 
10 9.5x104 3.6x10+ 3700 128 61 
sal 7.1x10+ 2.7x104 2800 100 58 
12 5.4x104 2.0x104 2100 ' 94 63 
density (calc) 1.3x10-8** 7.4x10-9 2.5x10-9 5.0x10-10 
density (meas.) 1.0x10-5 9.0x10-7 5.0x10-8 3.0x10-9 


§ Pores per hr 
** cc per sec times cc 


* Corrected for density 
+ Uncorrected for density 
+ See note, table VIII 
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can undergo a phase transformation, the rate 
of densification should show the same qualita- 
tive change at the transformation temperature 
as does the self diffusion coefficient of the 
metal. 

2. A nonwetted inclusion above a minimum size 
should provide a condensation surface for va- 
cancies and should be found to occupy a pore 
larger than itself after sintering. 

3. At temperatures comparable to these studied, 
the largest pores will not be removed from the 
compact by heating alone. However, they 
should lose their sharp edges and should be 
surrounded by sound metal. 


4. The distribution and amount of external sur- 
face should affect the rate of sintering, the rate 
being greater in samples with the greatest 
surface area per unit mass of powder and in 
those regions closest to surfaces. 


5. The increased availability of vacancies may 
speed up the rate of dissolution of soluble 
bodies beyond that expected on the basis of 
normal diffusion measurements. Any source of 
fine scale porosity in a metal body should have 
this effect. 

6. Back pressure of insoluble or difficultly soluble 
gases might decrease the surface energy enough 
to reverse the trend in density as observed for 
argon. 

7. Compacts made under different initial condi- 
tions to produce different initial pore distribu- 
tions should produce different final distribu- 
tions (and therefore different properties) for 
the same heat treatments. 


Although attempts are being made to test some 
of these consequences in this laboratory only the 
first is subject to immediate comparison with ex- 
periment. Libsch, Volterra and Wulff” observed a 
decrease in the rate of densification of iron powder 
compacts in the neighborhood of 900°C. This is in 
agreement with the sharp decrease in self diffusion 
rate in going from alpha to gamma iron determined 
by Birchenall and Mehl.” 


Summary 


Experimental studies of the density and size dis- 
tribution and shapes of pores have been carried out 
on copper powder compacts sintered in vacuum, 
hydrogen and argon for 1, 10, 100 and 1000 hr at 
800°, 900° and 1000°C. It may be concluded that 
although the total number of pores decreases as 
sintering progresses, the smallest pores account for 
most of this decrease while the largest sizes are 
increasing in number, giving rise to a few pores of 
size larger than any existing at earlier times. Thus 
the average pore size increases, and progressively 
larger sizes are present in maximum number. Co- 
incident with this, the pore shapes are changing 
from highly irregular forms to more nearly spheri- 
cal. All changes proceed more rapidly as the tem- 
perature is raised. The progression of pore counts 
is roughly similar in hydrogen and vacuum, but 
samples sintered in argon first increase in density 
then decrease, especially at 900°C, with the eventual 
formation of some pores much larger than observed 
in any other samples. 

Based upon these experimental observations a 


theoretical model has been formulated, in terms of 
the vacancy mechanism of body diffusion, to account 
for the change in pore distribution and densification. 
It has been shown to lead to reasonable agreement 
with the experiments, under the most nearly ideal 
conditions. It is also proposed that vaporization may 
be an important mechanism in the tendency of pores 
to assume regular shapes, at least in the early stages 
of this process at high temperatures. 

Several consequences, which may be checked ex- 
perimentally, have been inferred from the theo- 
retical model. It is found that the self diffusion 
coefficients of iron change at the alpha-gamma 
transformation temperature in the direction to be 
expected from the behavior of the densification rates 
of iron powder compacts. 
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The Effects of Molybdenum and 


Commercial Ranges of Phosphorus 


Upon the Toughness of 


Manganese Steels Containing 0.40 pct Carbon 


by M. Baeyertz, W. F. Craig, Jr., and J. P. Sheehan 


The loss in toughness caused by phosphorus within commercial ranges was 
studied in AISI-SAE 1340 steel and in molybdenum modifications of this grade. The 
replacement of part of the manganese by molybdenum in amounts which maintain 
the hardenability of the standard 1340 grade was shown to counteract to a marked 

degree the detrimental effects of phosphorus. 


HIS paper deals with the effect of phosphorus 

on the toughness of 1340 steel and with the 
effect on toughness of replacing part of the manga- 
nese by molybdenum while retaining the same hard- 
enability as that of 1340. 

In previous work’ a progressive decrease in tough- 
ness was observed when the phosphorus content of 
5140 was raised from 0.020 to 0.036 pct; that is, 
from a moderate phosphorus level to one higher but 
yet within the AISI-SAE specification for this 
grade. The structural condition of the steel was 
tempered martensite. Toughness was evaluated by 
the transition temperature determined by V-notch 
Charpy tests. Replacement of a part of the chromi- 
um in 5140 by molybdenum provided a factor of 
safety against loss of toughness caused by phospho- 
rus, especially where .the steel was cooled slowly 

‘after tempering. 

Scope of the Study: In view of the improved 
tolerance for phosphorus obtained by replacing a 
part of the chromium in 5140 with molybdenum, it 


seemed desirable to investigate the possibility of 
obtaining similar improvement in 1340 by replacing 
part of the manganese with molybdenum. Heats 
were made at different phosphorus levels, in a series 
that began with 1340 and ended with steels con- 
taining 0.32 to 0.35 pct Mo with 0.82 and 0.90 pct 
Mn. The analyses of the heats are given in table I. 
In order to facilitate later discussion, the 1340 heats 
have been placed together in the order of increasing 
phosphorus content, and the molybdenum modifica- 
tions have been grouped according to phosphorus 
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Table I. Chemical Analyses 


Grade | Heat Cc Mn P Ss Si Mo Mo/P 
1340 2792 | 0.39 1.79 | 0.012 | 0.025 0.21 0.005 0.4 
2663 | 0.38 1.87 | 0.020 | 0.023 0.33 0.003 0.2 
2703 | 0.40 1.90 | 0.028 | 0.019 0.34 0.003 0.1 
2731 0.39 1.79 | 0.036 | 0.022 0.28 0.003. 0.1 
Mo 2796 | 0.38 0.82 | 0.010 | 0.019 0.22 0.32 32.0 
Mo-Mn| 2861 0.38 1.55 | 0.024 | 0.021 0.24 0.06 2.5 
2895 | 0.40 1.39 | 0.027 | 0.018 0.29 0.10 3.7 
2777 | 0.38 1.29 | 0.025 | 0.019 0.24 0.18 7.2 
Mo-Mn| 2872 0.39 1.43 | 0.033 | 0.024 0.27 0.12 3.6 
2780 | 0.39 1.24 | 0.035 | 0.019 0.26 0.18 5.1 
Mo 2782 0.39 0.90 | 0.034 | 0.017 0.33 0.35 10.3 


content. All of the heats were treated with alum- 
inum, to be comparable with commercial steels 
made by fine grain practice. 

The methods of producing and forging the steel, 
and of preparing, heat treating and testing the speci- 
mens were the same as those described previously 
in the work on 5140 and Mo-Cr steels." Briefly, 500- 
lb laboratory induction furnace heats were made 
and poured in 460 lb ingots. After forging, the steel 
was normalized from 1550°F and tempered at 
1200°F before machining the specimens. The final 
heat treatment was carried out on 0.016 in.-oversize 
Charpy blanks, and consisted of quenching in oil 
from 1550°F, tempering for 1 hr at 1150°F, and then 
quenching in water or cooling to 700°F at essen- 
tially 12, 3 or %4°F per min. All of the specimens 
with controlled cooling between 1150° and 700°F 
were cooled in air from 700°F. Transition tempera- 
tures were determined by testing V-notch Charpy 
specimens over a sufficient range of temperature. 
Standard Jominy bars were used in evaluating 
hardenability. 

Slow rates of cooling through the temperature 
range of temper embrittlement cause a loss of tough- 
ness in susceptible steels. The amount of this loss 
depends upon both the susceptibility of the steel to 
temper embrittlement and the sojourn in the em- 
brittling temperature range that is provided by the 
cooling rate. The specimens that were quenched 
from the tempering temperature were intended to 
furnish a nonembrittled norm, while the other cool- 
ing rates were chosen to illustrate rates that might 
be encountered in commercial heat treatment. 


Hardenability of the Steels: The Jominy harden- 
abilities of the various heats are recorded in table 
II. The specimens were standard bars, machined 
from normalized and tempered stock as described 
previously, and were quenched from 15507R che 
ASTM austenite grain sizes given in the table were 
determined from the Jominy bars. While the hard- 
enabilities of the steels vary somewhat, all are 
within the range that might be expected from the 
composition limits of the standard 1340 grade. 


Impact Behavior of the Steels: The measure of 
toughness used in this study is the transition tem- 
perature revealed by the relation of absorbed energy 
to testing temperature in the notched-bar impact 
tests. Fig. 1 through 11 show the impact transition 
curves of tempered martensites obtained from the 
heats under study. Each figure affords a comparison 
of the transitions in the same steel, as they depend 
upon the rate of cooling after tempering for 1 hr at 
1150°F. The experimental points have been omitted 
from the figures to avoid confusion. The number of 
specimens used to determine each curve and the 
deviation of individual points from the curves in the 
figures are closely comparable with the earlier work 
on 5140, for which all of the experimental points 
were published. 

A value of 40 ft-lb appears best to approximate 
the steepest portion of the energy curves for the 
1340, Mo and Mo-Mn steels as a group. This energy 
value has been used arbitrarily in obtaining the 
transition temperatures plotted in fig. 12 and 13. 
Comparisons by other criteria of transition tem- 
perature as desired by the reader may be made 
from fig. 1 through 11. 

It is desirable that.comparisons of toughness be 
made at the same hardness level. Hardness values 
of the specimens used in this study are given in fig. 
1 through 11, from which it will be.seen that most 
of the values are in the range of 20/27 Re. The rela- 
tively small variations in hardness were considered 
less objectionable than the means which would have 
had to be employed to avoid them—change of tem- 
pering temperature or time. For any given heat, 
the difference between the hardness as quenched 
from 1150°F and as cooled at %4°F per min is at 
most 4 R. units. The difference due to the greater 
resistance of the molybdenum steels to softening on 
tempering amounts to a maximum of 7 Rg units. 


Table II. Hardenabilities, Standard Jominy Test 


Rockwell C Hardness at Indicated Distance 
From End of Specimen, in Sixteenths of Inch 
ASTM 
Austenite . 
Grade | Heat |Pct Mn|Pct Mo| Pct P Grain 2 4 6 8 10 +12 14 16 20 24 30 40 
1340 2792 1.79 | 0.005 | 0.012 7-9 54.5 52 45 37 33 31.5 31 31 30 
’ 2663 1.87 | 0.003 | 0.020 8-9 55 54 51 46 41 Si 34.5 33.5 32 x ve ae 
2703 1.90 ‘| 0.003 | 0.028 7-9 55.5 54.5 53 50.5 | 46 42 38.5 35.5 33.5 32.5 31.5 30. 
2731 1.79 | 0.003 | 0.036 7-9 56 55 53 50 46 41.5 38 35. 32.5 31 30.5 29 
Mo 2796 0.82 | 0.32 0.010 8-9 56 49.5 40.5 35.5 34 33 33 SLs 31 31 oul 30 
Mo-Mn| 2861 1.55 | 0.06 0.024 9 53 47.5 37 34 BY] 30 29 29 28 ’ 
2895 1.39 | 0.10 0.027 8-9 54.5 50.5 41.5 34 33 32 31.5 30.5 30 39 5} ue - i 
| 2777 1.29 | 0.18 0.025 8-9 54.5 52 43 36 34 33 32.5 32 Y 31.5 31 30. 29 
Mo-Mn} 2872 1.43 | 0.12 0.033 8-9 54.5 51.5 43 36 32.5 31.5 30.5 29.5 2 : 
a : ; E ’ 8.5 
2780 1.24 | 0.18 0.035 71-9 55 53 46 38.5 35.5 34 33 32 31.5 3 Ale ee 
Mo 2782 0.90 0.35 0.034 71-8 56 55.5 oad 48.5 42 39 37 35.5 34 33 31.5 30.5 
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Fig. 4—Impact transi- 
tion curves for 1340 
steel. 
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lybdenum steel. 


Specimens oil quenched 

from 1550°F, tempered for 

one hour at 1150°F and 

cooled at the rates indi- 
cated. 
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tion curves for mo- 
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tion curves for mo- 
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Fig. 8—Impact transi- 
tion curves for mo- 
lybdenum-manganese 
steel. 
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Fig. 9—Impact transi- 
tion curves for mo- 
lybdenum-manganese 
steel. 
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Fig. 12—Effect on transition temperature 
of an increase in phosphorus in 1340 steel. 


Transition temperatures read from indpa Cine curves at 
40 ft-lb level. 


cooled at the rates indi- 
cated. 


HEAT NO, 2780 
1.24% MN 
0.035% P 
0.18 % MO 


200 300 


Fig.11—Impact transi- 
tion curves for mo- 
lybdenum steel. 


Specimens’ oil quenched 

from 1550°F, tempered for 

one hour at 1150°F and 

cooled at the rates indi- 
cated. 


HEAT NO. 2782 
0.90 % MN 
0.034% P 
0.35 % MO 


200 300 


Effect of Phosphorus in 1340 Steel: The changes 
in toughness that attended an increase in phospho- 
rus from 0.012 to 0.036 pct in 1340 steel are shown 


' by the impact transition curves of fig. 1 through 4 


and are summarized in the form of transition tem- 
peratures in fig. 12. Phosphorus caused considerable 
reduction in the toughness of 1340 steel, even when 
the specimens were quenched in water after tem- 
pering at 1150°F. Between 0.012 and 0.028 pct P 
the transition temperature of the water-quenched 
specimens rose about 80°F. However, the steel with 
a phosphorus content of 0.036 pct appeared incon- 
sistent, actually showing a slightly lower transition 
temperature than that with 0.028 pct P. 

As the cooling rate decreased, the transition tem- 
perature at each phosphorus level rose. Further- 
more, the heats with 0.028 and 0.036 pct P, that had 
essentially the same transition temperature when 


' quenched, developed a difference in transition tem- 


perature with slower cooling rates. When cooled at 
rates at 12°F per-min or less, the 1340 with 0.036 
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Fig. 13—Effect of replacement of part of manga- 
nese in 1340 by molybdenum. 
Transition temperatures read from impact curves at 40 ft-lb 


level. (Transition temperatures of 1340-0.024/0.027 pet P rep- 
resent average of heats 2663 and 2703.) 
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Fig. 14—Dependence 
of transition tem- 
perature on Mo/P 

ratio and cooling 
rate after tempering 
for one hour at 
1150°F. 


Table III. Comparison of 1340, 5140, Mo-Mn and 


Mo-Cr Steels 


Transition Temperature, °F with 
Cooling Rate after Tempering of 
: Water e 

Pct P Grade Quench 3°F per min | 1/4°F per min 
0.020 1340 — 60 50 150 
0.027 0.10 Mo, 1.39 Mn —120 — 95 — 45 
0.025 0.18 Mo, 1.29 Mn —140 —110 — 95 
0.020 5140 ; —100 — 35 35 
0.023 0.11 Mo, 0.52 Cr —100 — 65 — 40 
0.021 0.18 Mo, 0.44 Cr —145 —115 — 95 
0.036 | 1340 —.40 130 225 
0.033 0.12 Mo, 1.43 Mn —105 — 40 — 15 
0.035 0.18 Mo, 1.24 Mn —115 — 80 — 75 
0.036. | 5140 af — 60 85 160 
-0.037 0.11 Mo, 0.55 Cr | — 80 — 25 20 
0.041 0.16 Mo, 0.50 Cr — 80 — 30 — 5 
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pet P showed a greater loss of toughness than the 
1340 with 0.028 pct P. Within the scope of the data, 
the greatest difference in the influence of phospho- 
rus in 1340 appears to be in the range of 0.012 to 
0.020 pct P, although phosphorus contents above 
0.020 pct cause an additional susceptibility to tem- 
per brittleness. Thus 1340 steel with a phosphorus 
content that would be considered to represent good 
open hearth or electric furnace practice still might 
show a high degree of susceptibility to embrittle- 
ment. 


Effect of Phosphorus in Mo and Mo-Mn Steels 
with Hardenability Similar to 1340 H Steel: The 
impact transition curves of fig. 5 through 11, to- 
gether with the summary of transition temperatures 
in fig. 13, show the extent to which replacement of 
a part of the manganese in 1340 by molybdenum 
counteracts the loss of toughness caused by phos- 
phorus. 

In a steel containing 0.010 pct P and 0.32 pct Mo, 
heat 2796 in fig. 5, no loss of toughness occurred 
even with a cooling rate as slow as %4°F per min. 
The behavior of the Mo steel, fig. 5, may be com- 
pared with that of the 1340 steel containing 0.012 
pet P, fig. 1. With this low phosphorus content, the 
1340 steel has about the same transition tempera- 
ture as the Mo steel, when the specimens were 
quenched in water after tempering; but, with cool- 
ing rates of 12°F per min and less the 1340 steel 
exhibits considerable loss of toughness. By con- 
trast, the Mo steel retains its toughness even when 
cooled at a rate of 44°F per min. 

The effectiveness of the replacement of 1 pct Mn 
by 0.35 pct Mo in controlling loss of toughness 
caused by phosphorus will be evident on comparing 
the data from heat 2796 (0.010 pct P, 0.32 pct Mo) 
with that from heat 2782 (0.034 pet P, 0.35 pet Mo). 
Even with a cooling rate of %4°F per min, the 0.034 
pet P steel had a transition temperature of —95°F, 
only 35°F above that of the 0.010 pct P-Mo steel. 

The progressive nature of the control of transition 
temperature effected by replacement of a part of 
the manganese in 1340 by molybdenum will be 
visualized readily from fig. 13..The more slowly the 
steel is cooled after tempering and the higher the 
phosphorus content, the greater must be the re- 
placement of manganese by molybdenum to prevent 
an appreciable rise in transition temperature. To 
hold the transition temperature at —75°F or below 
in the 1340 steel requires the lowest phosphorus 
level (0.010/0.012 pct) and requires water quench- 
ing after tempering. With only 0.06 pct Mo the 
intermediate phosphorus level (0.024/0.027 pct) 
and a cooling rate after tempering of 12°F per min 
can be tolerated. With 0.10/0.12 pct Mo the inter- 
mediate phosphorus level and a cooling rate of 3°F 
per min or the highest phosphorus level (0.033/0.036 
pet) and a cooling rate of 12°F per min are per- 
mitted. With 0.18 pct or more molybdenum the 
highest phosphorus level and slowest cooling rate 
(44°F per min) do not raise the transition tempera- 
ture above —75°F. 

Thus it has been demonstrated that a good toler- 
ance for phosphorus in tempered martensite can be 
obtained by replacing a part of the manganese in 
1340 by molybdenum, without essential alteration 


in the hardenability of the 1340 grade. Similar con- 
clusions were reached earlier from a study’ of the 
replacement of chromium in 5140 by molybdenum. 
A unique relation between molybdenum and phos- 
phorus contents in determining the toughness of 
tempered steel is suggested by the dependence of 
transition temperature on the Mo/P ratio and the 
cooling rate that is shown in fig. 14. Data from all 
of the heats of 5140, 1340 and molybdenum modi- 
fications of both grades are included. 

It may be of interest to compare 1340, 5140, and 
0.16/0.18 pet Mo modifications of these grades. Table 
III lists pertinent transition temperatures. While 
the 5140 steels show somewhat less loss of tough- 
ness than the 1340 steels, when comparisons are 
made at the same phosphorus content and cooling 
rate, the maintenance of toughness in the 0.16/0.18 
pet or higher Mo modifications of either grade is 
outstanding. 

In the practical application of replacement of 
manganese or chromium by molybdenum, items to 
be considered in selecting the minimum amount of 


. molybdenum required to guard against a detri- 
mental loss of toughness are: 


The size of section to be heat treated (cooling 
rate from tempering temperature). 

The most critical stress state to which the part 
will be subjected. 

The minimum expected service temperature. 
The maximum phosphorus content anticipated 
in the steel. 


While the ladle analyses of commercial alloy steels 
are usually well below the maximum allowed by the 
AISI-SAE specifications, even these moderate phos- 
phorus contents may cause loss of toughness in some 
grades. This was shown to be the case in 1340. 
Moreover, phosphorus has a marked tendency to 
segregate in steel ingots. Hence, when a high degree 
of toughness is required, it would appear necessary 
to select a specification which will provide required 
properties in all portions of the steel actually used. 


Conclusions 


1. Replacement of a part of the manganese in 
1340 steel by molybdenum, in proportions required 
to maintain the hardenability of the grade, reduces 
the loss of toughness caused by phosphorus in tem- 
pered martensite. 

2. The tolerance for phosphorus provided in tem- 
pered martensite by partial replacement of manga- 
nese by molybdenum depends upon the amount of 
the replacement and the heat treatment of the steel. 
Appreciable improvement resulted from as little as 
0.06 pet molybdenum. With 0.18 pct Mo, toughness 
was virtually unaffected by the severely embrittling 
treatments employed in this work, even with a 
phosphorus content of 0.035 pct. 
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The Tin-Fusion Method 


for the Determination of 


Hydrogen in Steel 


by Dennis J. Carney, John Chipman, and N. J. Grant 


Based on the design of vacuum fusion apparatus, an improved system has been 
developed solely for hydrogen analysis. A tin-iron bath permits melting and operation 
at 1150°C. Heating and stirring are accomplished by induction heating in a water 
jacketed silica tube. All grease is eliminated from the system by means of mercury 
valves. Routine 15 min analyses are standard. Precision of + 0.1 parts per million 

for a 2 g sample is attained. 


INCE the beginning of this century it has been 

known that hydrogen contributes to the porosity 
of steel and that it is harmful to its mechanical 
properties. The evidence for this has been largely 
qualitative. -Steel to which hydrogen was pur- 
posely added in sufficient amounts was shown to 
be either porous or brittle or both, whereas similar 
steel of low hydrogen content was shown to be free 
of porosity and to possess normal physical proper- 
ties. There have been a considerable number of 
qualitative experiments of this type. 

Also, early in this century, a few attempts were 
made to measure the amount of hydrogen normally 
dissolved in commercial steels. This was usually 
done by placing the sample under an inverted 
liquid column such as mercury and collecting the 
evolved gas. These attempts, while not successful 
in measuring actual amounts of dissolved hydrogen 
gas, were able to prove that this gas will diffuse out 
of steel at room temperature, and that the amount 
of hydrogen dissolved is normally very small. On 
the basis of such qualitative evidence, hydrogen 
has been and still is blamed for a great number of 
the troubles encountered in the steel industry. 

In recent years, partial solutions for many steel- 
working problems have been obtained. These have 
led to increased interest in accurate quantitative 
work on hydrogen in steel, with the expectation 


that the results might possibly answer a few of 
the remaining unsolved problems. Commercially, 
two of the obvious questions which are in need of 
an answer are: (1) what are the most important 
sources of hydrogen, and (2) what quantity of 
hydrogen can be tolerated in various steels? 
There are many other unanswered questions. To 
begin to find the answers it seemed logical to start 
at the beginning of steel production with the liquid 
metal. Further, it seemed almost imperative to 
solve first the problems of analysis and sampling 
of the metal for hydrogen. Once these problems 
have been solved, it would be possible to answer 
more of the important commercial problems men- 
tioned above. As a consequence, it was decided to 
design an analytical apparatus and, upon satisfac- 
tory completion of this, to develop an accurate 
method of sampling liquid metal for hydrogen. 
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To Vacuum 
Pump 


Fig. 1—Analytical apparatus for hydrogen in steel. 


A —Mercury lift 

B — Furnace 

C —Mercury cut-offs 

D —Mercury diffusion pumps 
E — Known volumes 


The intent was to develop sampling and analytical 
methods such that they would be rapid and simple 
enough to be of use on a commercial basis. For 
this purpose the total time of sampling and analysis 
had to be of the same order of magnitude as the 
time required for determination of carbon, man- 
ganese or sulphur, i.e., about 15 to 20 min total 
time. The first section of this research is devoted 
solely to the analytical method. 


Literature Survey 


Previous to this investigation four main methods 
of steel analysis for hydrogen were used in the 
United States, Great Britain and Germany. They 
were: (1) the vacuum fusion method, (2) the solid 
state vacuum extraction method, (3) the total com- 
bustion method, and (4) the tin-fusion method. 
The first three methods are well described in sum- 
maries appearing in the Journal of the British Iron 
and Steel Institute’ and the Transactions of the 
American Institute of Mining and Metallurgical En- 
gineers. In brief, the vacuum fusion method is 
conducted in vacuum in a graphite crucible at a 
temperature of 1550°-1650°C. The evolved gases 
are composed in general of 95 pct carbon monoxide 
and nitrogen and 5 pct hydrogen by volume. The 
gases are collected for about 30 min and circulated 
for another 20 min over copper oxide to convert the 
hydrogen to water vapor, which is absorbed or 
frozen out. This method had been used success- 
fully by Derge’*, who has presented a detailed dis- 
cussion of it. 

The method of vacuum extraction in the solid 
state is carried out in a silica furnace at tempera- 
tures of 400°°, 600°°.**, 800°°, 1050°* and 1100°C*®, 
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F — Oxidant 

G —Palladium tube 

H — Silver tube and platinum filament 
I — McLeod gauge 

J —Freeze-out traps 


At 400° and 600°C most steels are ferritic; and low- 
carbon steels remain in this state up to about 800°C. 
Since the diffusion of hydrogen is rapid and its 
solubility in ferrite is low, the gas is evolved rapid- 
ly and may be collected in 1 to 2 hr. At 1050° and 
1100°C the steel is austenitic and the diffusion of 
hydrogen is slower and its solubility higher. The 
evolved gas is collected for periods up to 48 hr. 
The evolved gases in this method are about 90 pct 
hydrogen with the remainder carbon monoxide and 
nitrogen. The gases are either assumed to be 100 
pet H, and measured as such, or else are analyzed 
by a modified Orsat apparatus. This method is 
being used successfully by Sims and coworkers 
and has been described elsewhere”. 

The total combustion method was described by 
G. A. Moore” in 1943. Moore and other workers have 
experienced difficulty with the accuracy and pre- 
cision of this method. It is not in general use at the 
present time. 

Perhaps the most serious objection to the vacu- 
um fusion method is the very low percentage of 
hydrogen in the evolved gases, making accuracy 
and precision difficult. On the other hand, complete 
release of the hydrogen in the liquid state apparent- 
ly occurs within a short time. In the vacuum ex- 
traction method from the solid state the reverse 
appears true. In other words, the percentage of 
evolved gases is high in hydrogen allowing for 
greater precision; however, there is a reasonable 
doubt that all of the hydrogen is released within 
the collection time. 

The tin-fusion method attempts to avoid the 
serious objections of both of the two preceding 
methods. It was used for hydrogen analysis by Ben- 
nek and Klotzbach®. Later Bennek and others in 
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Table I. Methods of Steel Analysis for Hydrogen 


Average Total Time 

Furnace Tempera-| Compositions of | of Analysis, | Estimated 
Method Crucible ture, °C Evolved Gases Hours Precision 
Vacuum Graphite 1600 95 pct CO + Nz | 1 0.1 ppm 
fusion 5 pet He 
Vacuum Silica 1050 90 pct He 48 0.01 ppm 
extraction 800 10 pet CO + Ne af 0.1 ppm 
solid state 600 | 1 0.1 ppm 
Total Silica 1000 | HsO + COs 100? 2 
combustion | 
Tin- Silica 1150 | See text See text See text 
fusion 


Germany combined the solid extraction method with 
the tin-fusion method in one analysis. Gas was col- 
lected in the solid state for 24% hr at 400°C and for 4 
hr at 1100°C, then the sample was melted in tin and 
the remaining gas collected for an additional 5 hr. 
Elsewhere, the tin-fusion method apparently has 
been used only by Naughton” at General Electric. 
Naughton briefly investigated the method after us- 
ing the normal vacuum fusion method. His prelim- 
inary work and a study of the published methods 
of analysis of steel for hydrogen indicated that tin- 
fusion offered promise of being rapid, accurate and 
precise. The various methods are summarized in 
table I. 


Apparatus 


The apparatus is shown schematically in fig. 1 and 
a photograph is given in fig. 2. The apparatus was 
made largely from 20 mm pyrex glass tubing. A 
small amount of silica tubing was used for the fur- 
mace. The essential parts of the apparatus are listed 
in fig1. 

A brief description of these parts and their pur- 
pose follows. 


Mercury Lift: The mercury lift was made from 
30 mm pyrex tubing. It was a mercury column of 
barometric height which was used for admission of 
samples. It allowed one to add new samples at will 
to an evacuated and “baked-out” system without 
breaking the vacuum. This was necessary since 
hydrogen samples can not be stored at room tem- 
perature in a furnace head under vacuum in the 
system. 

A small plunger was placed in the “T” section at 
the top of the lift to keep mercury splashes within 
the mercury column on admission of samples. 


Furnace: The furnace section is shown both in fig. 
1 and in detail in fig. 3. The upper portion of the 
furnace was made of pyrex and consists of a sight 
glass with an optical prism for reading the bath tem- 
perature, a shutter to protect the sight glass from 
metal splashes, a funnel to guide the samples into 
the furnace crucible, and a 55/50 female ground 
glass joint. The lower section was composed of a 45 
mm clear silica tube with a 55/50 male ground joint. 
The seal between the two joints was made with 
Apiezon W wax. The melting crucible was of opaque 
silica 1% in. in diam and 4 in. long. This was set 
inside a short alumina crucible which was used asa 
- heat insulator and also as a safety measure in case of 
cracking of the quartz melting crucible. A Vycor 
funnel was placed atop the melting crucible to pre- 


vent splashing of metal out of the furnace when 
the specimen was dropped into it. The whole as- 
sembly was water-cooled by means of a pyrex 
jacket. The furnace was heated by means of a high 
frequency 7.5 kw Lepel unit. 


Mercury Cut-offs: There were no stopcocks within 
the analytical portion of the apparatus. Five mer- 
cury cut-offs were used in place of stopcocks. There 
were two reasons for this: (1) to eliminate the pos- 
sibility of hydrogen being absorbed by the stopcock 
grease, and (2) to obtain better control of the vacu- 
um which is sometimes erratic when using stopcocks. 


Mercury Diffusion Pumps: There were two three- 
stage mercury diffusion pumps. Pump 1 was used 
to evacuate the gas from the furnace, placing it in 
a known volume, and also to circulate the gas 
through the copper oxide oxidant and freeze-out 
traps. This pump was designed so that the outlet 
portion of the pump was a part of the known volume 
which is relatively unaffected by pumping speed or 
pressure of the stored gas. This pump will continue 
to operate at back pressures up to 20 mm of mercury. 
Pump 2 was used to keep all of the analytical por- 
tion of tubing which was in back of the circulating 
pump at a very low pressure (essentially gas free). 
It also isolated this section from the stopcocks used 
to raise and lower the mercury cut-offs, and from 
any back diffusion from the oil pump. 


Known Volumes: The two known volumes indi- 
cated in fig. 1 are V,, 362 + 4 cc, and V., 650 
+ 8 cc. The known volumes were calibrated by 
pumping prepurified nitrogen at atmospheric pres- 
sure from a small mercury-calibrated volume into 
the system volumes and measuring the resulting 
pressure with the McLeod gauge. 


Copper Oxide Oxidant: The copper oxide furnace 
was simply a U tube of 20 mm pyrex tubing in a 
chromel-wound resistance furnace which:is main- 
tained at a temperature of 350° to 400°C. The oxi- 
dant consisted of cupric oxide made from copper 
gauze which was alternately oxidized and reduced 
with tank oxygen and hydrogen gas. This was done 
in situ by connecting the gas inlet and outlet to two 
small tubes joined immediately above the oxidant 
furnace. To assist the gas passing through the oxi- 
dant, a vacuum line was connected to the outlet 
nipple during the activation process. 


Palladium Tube: The small palladium tube was 
used to introduce pure hydrogen into the system. 
It was heated by a small resistance coil while tank 
hydrogen was passed over it. This provided a rapid 
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Fig. 2—Analytical apparatus for hydrogen in steel. 


and convenient method of introducing pure hydro- 
gen to be used in checking the efficiency of the 
analytical system. ° 

Silver Tube and Platinum Filament: The silver 
tube and platinum filament were installed originally 
to take care of any hydrogen which might be evolved 
as methane. The silver tube when heated to 700°C 
allowed pure oxygen to diffuse through it from the 
air. This oxygen was used to combine with the 
methane in the presence of a heated platinum fila- 
ment*. 


* Only two tests were made, each indicating no methane in the 
evolved gases. Naughton!2 also observed that no methane is pres- 
ent in the gases evolved from steel. Later data on sampling which 
will be presented also indicate the absence of methane. There- 
fore, these two devices could be removed from the apparatus. 


McLeod Gauge: A McLeod gauge was used to de- 
termine gas pressures in the known volumes. This 
gauge was designed to measure pressures up to 20 
mm of mercury. There were three calibrated sec- 
tions. The first read pressures from 20 to 0.05 mm, 
the second from 2 to 0.007 mm and the third from 
0.2 to 10° mm of mercury. 


Freeze-out Traps: The two freeze-out traps were 
used to keep the mercury vapor away from the 
platinum filament and to remove water vapor 
formed by the oxidant. The traps were cooled by a 
mixture of dry ice and acetone. 


Analytical Operation 


1. The furnace crucible was initially charged 
with approximately 130 g of chemically pure tin 
pellets and 0.7 g of purified silicon metal. The fur- 
nace section was assembled, the system evacuated, 
and the furnace heated to 1150°C. At this tempera- 


ture the system was evacuated for approximately 
4 hr. This is normally called “baking” or “blanking 
out” the apparatus. 


2. After this “bake-out”, the analytical section 
of the apparatus was checked. First, there was 
usually a very small build-up in pressure which 
appeared to come from the oxidant, freeze-out traps 
and mercury pump. The pressure was measured by 
raising the mercury in cut-offs 1 and 5 (see fig. 1) 
and holding for 5 min after which cut-off 4 was 
raised and the pressure increase, if any, was read. 
Second, the efficiency of the oxidant and freeze-out 
traps was measured. This was done by raising cut- 
offs 4 and 5 and allowing hydrogen to diffuse through 
the heated palladium tube. The amount admitted 
was measured by the McLeod gauge and was then 
circulated over the oxidant and freeze-out traps by 
lowering cut-off 4. The circulation was carried on 
until 98 to 100 pct of the admitted hydrogen had 
been removed. The length of time for this process 
determined the required circulation time, which was 
usually about 5 min. (Checks run at the end of the 
day showed little or no change in the oxidant effi- 
ciency over a period of 12 hr.) 


3. The blank was measured by raising cut-offs 2 
and 4 and collecting furnace gas for 10 min after 
which cut-off 1 was ‘raised. The gas pressure was 
measured on the McLeod gauge and the gas was 
then circulated for the previously determined time 
by lowering cut-offs 2 and 4. Cut-off 4 was raised 
and the gas pressure again read. Any decrease in 
pressure measured was called the blank. The ap- 
paratus was now ready for a sample analysis. 


4. The sample was washed in carbon tetrachlo- 
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ride, dried in a current of filtered air and weighed. 
With all cut-offs down, it was placed under the mer- 
cury lift and floated to the top. There it was picked 
up by a magnet* and pulled over to the furnace. 


Aa Nonmagnetic samples were first wrapped with one turn of 
iron wire so that they could be carried into the furnace. 


Any air bubbles arising out of the mercury columns 
when the sample was admitted were swept out 
while the sample was being handled by the magnet. 
Cut-offs 2 and 4 were then raised and the sample 
dropped into the furnace. As in the blank run, gas 
was collected for 10 min and then circulated for the 
required time. The decrease in pressure obtained, 
less any blank value, determined directly the hydro- 


gen that was present. All cut-offs were then lowered 


to be ready for the next sample. 


Discussion of Procedure 


Analytical Pressure Increase: The pressure in the 
analytical portion of the apparatus increased slight- 
ly with the age of the oxidant and with an increase 
in the amount of mercury vapor deposited in the 
freeze-out traps. Any oxidation of the mercury in 
diffusion pump I forms mercuric oxide which slowly 
decomposes giving another source of pressure build- 
up in the analytical section. Normally this pressure 
increase was small enough to be ignored. However, 
even if the pressure build-up were moderately high 
but constant, it would not affect the analysis since it 
was automatically taken care of in the blank de- 
termination. 


Oxidant Efficiency: The oxidant efficiency ob- 
tained was very good. In approximately 80 pct of 
all analyses, 98 to 100 pct efficiency was obtained 
with a 5-min circulation period. Circulation times 
of over 10 min were never necessary. This may 
have been due partially to the fact that the evolved 
gases were largely hydrogen, with very little CO. 
Another important factor was the speed of circula- 
tion of the gases by the diffusion pump. 

In a similar analytical procedure, Derge’® observed 
that the freeze-out traps of acetone and dry ice at 
their normal temperature of —78°C would not 
solidify completely the water vapor formed. This 
was due to the fact that the equilibrium vapor pres- 
sure of dry ice at this temperature was greater than 
the pressure of the system. It was necessary to keep 
the trap temperature below —90°C, which was ac- 
complished by bubbling air slowly through the ace- 
tone. One could easily regulate the temperature of 
the traps by regulating the flow of the air. This 
proved to be an efficient and simple method of keep- 
ing the traps at the desired temperature for long 
periods of time. 


Blanks: After a 4-hr bake-out period at 1150°C, 
the blank was quite low as shown in table II. Most 
of the blank gas was pumped out within one hour 
and thereafter the gas was evolved more slowly. 
After a 2-hr bake-out in most cases it was possible 
to begin analyses of high hydrogen samples without 
a blank determination since the blank value was 
moderately low and was decreasing at a slow and 
consistent rate. The best blanks were obtained with 
the opaque silica crucibles. (It was possible to melt, 
solidify and remelt in these quartz crucibles without 
cracking so that the same crucible could be reused a 


number of times.) Attempts to use other crucible 
materials such as alumina or beryllia resulted in 
higher blanks and in cracking of the crucibles on 
remelting. With quartz crucibles, a low blank was 
obtained more rapidly with crucibles that had pre- 
viously been heated in air at a temperature of 800°C. 
It would be expected that a low blank could be ob=- 
tained even more rapidly with clear quartz crucibles. 

Since the majority of samples analyzed in this 
investigation weighed approximately 2 g, the blank 
was figured on this basis in table II. The blank was 
also calculated for a 10-g sample for comparison 
with the results of other investigations. A larger 
weight sample would, of course, result in even lower 
values. Blanks were normally determined three to 
four times during a day. The hydrogen values in 


Table II. Sample Blank Run 


9:30 A.M. Furnace on at 1150°C, Silica Crucible,* 
130g Sn, 0.%7g Si 


Blank Values, ppm} in 10 Min. 
2-g Sample 10-g Sample 
10:30 a.m. 1.3 0.36 
11:30 0.4 0.08 
12:00 0.4 0.08 
1:30 p.m. 0.1 0.02 
5:30 p.m. 0.0 0.00 


* Silica crucible previously heated in air one hour at 800°C. 
y+ See definition of ppm under “Blanks’’. 


table II and in all subsequent figures are given as 
“parts per million” (ppm). These values appear as 
simple whole numbers which are easy to handle. 
The value given as ppm is converted to weight per- 
cent by moving the decimal point over four digits 
to the left. 


Evolved Gases: The gases evolved from dissolved 
samples averaged 50 pct hydrogen by volume. The 
hydrogen percentage was seldom less than this and 
then only on low-hydrogen samples. The hydrogen 
was sometimes as high as 90 pct of the total gas in 
high-hydrogen samples. The residual gas was large- 


-ly nitrogen and carbon monoxide. The small amount 


of silicon was added to the tin as a deoxidizer in 
order to keep the amount of evolved carbon mon- 
oxide low. A higher percentage of silicon could not 
be added since it raised the melting point of tin 
sharply. 

There was no evidence of methane or water vapor 
in the evolved gas. Water vapor could be detected 
on a McLeod gauge of the type described by taking 
pressure readings on 2 of the 3 calibrated sections. 
If water vapor was present in the gas, it would con- 
dense in the gauge and the readings obtained on the 
2 sections would not be in the perfect gas ratio. All 
readings were made on at least 2 of the 3 sections. 
In the few cases where water vapor was detected, 
it could usually be traced to some external cause 
such as adsorbed or trapped water on the surface 
of a poor sample and was not a part of the dissolved 
hydrogen. 

Time of Gas Collection: As stated in the section 
on analytical procedure, the specimens were de- 
gassed for 10 min. This time was determined by 
collecting gas from a sample for 5 min, analyzing 
this portion, and then collecting gas for an additional 
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5 min. The second 5-min collection period in all 


cases merely yielded the predetermined blank value. . 


Further evidence that a 5-min collection time 
was sufficient for samples which dissolved in 1 to 2 
min was obtained from the liquid equilibrium sam- 
ples which will be discussed later. These samples 
gave equally good hydrogen results when collected 
for 5, 10 or 15 min. This collection time was much 
shorter than in previous methods of analysis. It was 
believed due to (1) fast solution of the sample; (2) 
rapid pumping speed of the diffusion pumps; (3) 
rapid evolution of hydrogen due to constant Li 
of the bath by induction heating. 

Tin Vapor: In the past an objection to the tin- 
fusion method has been the vaporization of the tin 
metal in the vacuum. In this investigation, it did 
not prove to be a serious objection. The metal vapor 
itself was not a problem since it was easily con- 
densed on the water-cooled furnace tube and was 
thereby kept out of the remainder of the system. 
In fact, vaporization occurred in varying degrees 
for all the liquid baths which were tried such as 
iron, copper or nickel. 

A more serious objection to metal vapors in a 
hydrogen analysis apparatus was the possibility that 
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. hydrogen was adsorbed by the condensate. Absorp- 


tion is strongly time-dependent. The longer the time 
of contact between the gas and the vapor, the more 
chance there would be that adsorption might occur. 
This was illustrated experimentally by Derge® who 
bubbled known amounts of gas through liquid iron 
in a vacuum. He found no adsorption of the gas by 
the metal vapor. On the other hand, German 
workers did observe adsorption by tin vapor with 
a 12-hr gas collection. The difference in these ob- 
servations was believed due primarily to the time 
factor. Checks were made in this investigation by 
heating the tin condensed on the furnace tube with 
a Bunsen burner after a day’s run. Hydrogen was 
obtained from the heated condensate only when the 
furnace blank of hydrogen was unusually large dur- 
ing the entire day’s run. In the normal case, when 
there was a small amount of blank hydrogen gas, 
no hydrogen was obtained from the heated con- 
densate. Since the samples were degassed in 5 min 
or less at very high pumping speeds, the amount of 
hydrogen which would be adsorbed in this short 
time was insignificant. The analytical results ob- 
tained verified this viewpoint. 

Various other melting baths were. used experi- 
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mentally to obtain a lower bath temperature and less 
vaporization of the metal; these systems were cop- 
per-tin, copper-silicon, copper-tin-silicon, copper- 
aluminum, aluminum-tin, and copper-aluminum-tin. 
Some objections to these liquid baths were (1) 
formation of 2 liquid phases, (2) heavy oxide cover- 
ings, and (3) large increases in melting points after 


hydrogen that was in the liquid metal was known 
from previous equilibrium solubility data. The 
problem was to sample, store and analyze samples 
taken from this liquid. The results of this study 
which will be described in another paper™ indicate 
an overall accuracy of the order of a few tenths of 
one part per million. 


Table lil. Hydrogen Results from Duplicate Steel Samples 


Sample No. 
2 3 iz = 
Treatment #3 | 2. | 3. 4. 
Ps | / | 
Armco iron, pickled (HCl) 2.4 ppm | 2.5 ppm | 2.4 ppm /2.2 
SAE 1020 electrolytically charged (H2SO4) /1.3 1.5 ae i Sar, 
SAE 1020 electrolytically charged (H2SOi) /|3.2 Sie! 
SAE 1020 electrolytically charged (H2SO.) | 4.6 4.3 
SAE 1020 pickled (HCl) 4.8 4.6 |48 4.5 
Summary 


addition of 6 or 7 samples. In all the metal baths used 
in which the samples dissolved, good hydrogen re- 
sults were obtained. However, the tin bath con- 
taining 0.5 pct silicon appeared to be superior to the 
others in most respects. 


_ Accuracy and Precision: The precision of the ana- 

lytical section of the apparatus was more than ade- 
quate. The hydrogen was measured by recording 
pressure differences on the McLeod gauge in a 
known volume. The known volume normally used 
was measured with a precision of + 8 cc in 650 cc. 
This uncertainty in volume amounts to 0.1 ppm of 
hydrogen for a 2-g sample of average hydrogen con- 
tent. The pressure difference was usually measured 
on the middle section of the McLeod where the pre- 
cision is 0.1 ppm for a 2-g sample. For low hydrogen 
samples, the difference may be read on the upper 
section where the precision was equivalent to 0.02 
ppm. 

Normally the accuracy and the precision of an 
analytical apparatus as a unit are determined by the 
use of standard samples. For hydrogen this cannot 
be done because there are no standards for hydrogen 
in steel. Further, there is no assurance that two 
pieces of solid steel when treated in the same manner 
will dissolve and retain equal amounts of hydrogen 
or that a single piece will dissolve hydrogen uni- 
formly along its length.” As a measure of the repro- 
ducibility of the method a number of samples were 
‘either pickled or electrolytically charged in small 
lots and were subsequently stored and analyzed. The 
results of some of this work are shown in table III. 
While it is still difficult to distinguish by these re- 
sults between the precision of the apparatus and that 
of the sampling and storage, the results indicate a 
satisfactory degree of reproducibility. The foregoing 
considerations and the results of analysis of approxi- 
mately 600 samples within one year’s time indicate 
precision for the analytical apparatus which is of the 
order of + 0.1 ppm, and all results are therefore ex- 
pressed to no less than 0.1 ppm. 

The determination of the accuracy of analysis was 
even more difficult. In this case it was necessary 
to know the absolute amount of hydrogen that was 
in the sample before it was analyzed. Some measure 
of the accuracy of the analytical method used in this 
investigation had been obtained from the work on 
sampling liquid steel: In this case the amount of 


Following the basic pattern of the vacuum fusion 
apparatus an analytical system has been designed 
and built for the sole purpose of analyzing hydro- 
gen in steel and other metals. Refinements have been 
incorporated which: 

1. Permit fusion in an induction heated silica cru- 
cible operating at 1150°C in a fluid tin-iron bath. 
The furnace is water cooled to condense metal vapors 
and to prevent the outward diffusion of hydrogen. 

2. Eliminate all grease from the system to pre- 
vent adsorption of the hydrogen. 

3. Permit 15 min analysis per sample on a stand- 
ard operating schedule. This is possible because of 
the vigorous induction stirring of the metal bath. 

With this apparatus a precision of + 0.1 ppm for a 
2-g sample is attained. 
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The Sampling and Analysis of Liquid Steel for Hydrogen 


by Dennis J. Carney, 


John Chipman, 


and N. J. Grant 


An absolute calibration has been achieved for sampling and analyzing liquid 
steel for hydrogen based on Sieverts’ values of hydrogen solubility in iron. Further 
checks were made in nickel, iron-nickel, and 18-8 stainless melts. The sampling 
method was successfully applied to a large number of commercial steel melts in 
various types of furnaces. The concurrent problem of sample storage was also solved. 


HE problem of sampling of liquid steel for 

hydrogen is more difficult than the problem of 
analysis. Hydrogen has a greater mobility than any 
other element; it is the only element that will dif- 
fuse out of steel at room temperature. In accord- 
ance with the known relation between tempera- 
ture and diffusivity, the diffusion of hydrogen is 
extremely rapid at the temperature of liquid steel. 
Consequently, in the past, attempts to quench molten 
steel to retain the dissolved hydrogen have not been 
as successful as similar attempts with nitrogen or 
oxygen. The retention of hydrogen is especially dif- 
ficult since it will continue to escape at room tem- 
perature even if the molten metal has been rapidly 
quenched. 


D. J. CARNEY, Student Member, is Physicist, South 
Works, Carnegie-Illinois Steel Corporation, Chicago, 
Ill. JOHN CHIPMAN, Member, is Professor and N. J. 
GRANT, Member AIME, is Associate Professor, Mass. 
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Transactions AIME before Apr. 1, 1950, and will be 
published Nov. 1950. Manuscript received Oct. 17, 1949; 
revision received Dec. 16, 1949. 


The hydrogen sampling methods may be classi- 
fied broadly as (1) the rapid quenching techniques 
which attempt to preserve supersaturation and (2) 
those methods which attempt to collect the gases 
evolved as the metal freezes and cools to room tem- 
perature. 

With all methods of sampling but especially with 
the rapid quenching methods, there is also a con- 
current problem of storing the sample until analysis 
is undertaken. The two problems are interrelated 


and must be considered together when discussing 
liquid steel sampling techniques. 

The major obstacle in liquid steel sampling has 
been that there was no way of evaluating properly 
the various sampling and storage techniques which 
have been developed. It has not been possible to 
compare the accuracy of the various methods. For 
evaluation of sampling methods some known stand- 
ard is required; this may be found in the published 
work on the equilibrium solubility of hydrogen in 
liquid iron which has been determined in three 
separate investigations.» ** The data are shown in 
table I. Sieverts’ original method of obtaining gas 
solubilities involved measurement of the volume of 
gas required to saturate the liquid metal contained 
in an evacuated bulb of known volume. This pro- 
cedure, improved by introduction of high frequency 
induction heating, has yielded reproducible results 
which appear to be entirely dependable. Using 
Sieverts’ method, it has been proved for iron and 
other metals and alloys that the hydrogen solubility 
is proportional to the square root of the pressure of 
the hydrogen gas above the liquid, so that one may 
work with various partial pressures of hydrogen to 
put different amounts of hydrogen in solution. From 
Sieverts’ law it is possible to know accurately what 
amount of hydrogen is dissolved in the liquid metal 
at the time of sampling. The accuracy of a sampling 
method may be gauged by reference to this known. 
solubility. 

It was the purpose of this investigation to develop 
a method for sampling liquid steel and for storing 
the sample so that the analytical result would rep- 
resent the actual hydrogen content of the metal 
bath. For this purpose an induction furnace was 


404—JOURNAL OF METALS, FEB. 1950, TRANSACTIONS AIME, VOL. 188 


y 
4 Rubber Bulb 


4 
Na) 


Sampling Device Iron Pipe 


Vycor Tube 
Copper Mold 
Shutter SS Ag 
AN Bross Tube 
Window 


GF. 
Fe 


Water Jacket 


y 


Silicone Rubber 


: Gasket a4 E . 
Fig. 1—Detail of Sane if Mi 
furnace. . | UL, —— 
Radiation Shield Na 
~ <--— / 
Upper Quartz Tube | e 
'¥¢ 
Transite Box if st he]: 
| e 
Water Cooled i “i ‘s 
Heating Element : kK [} 
: ies Sa i fl 
Crucible x fi : eqns Q Chain Fall for 
ii ger i red Ig il Pouring 
Insulat oY: iB ! 
ulation : ( . () 
i 3 ; 
Lower Quartz Tube =o 
; AZ / 
Brick [TDs 
euie oe Rubber Y 
aske \ ‘e) 
[Ss 
Albarine Stone Base Gas Inlet 
constructed in which the bath could be held under evacuated steel pipe, closed at the bottom by a thin 
a controlled atmosphere and from which samples diaphragm, was inserted into a spoon of liquid 
could be taken by means of the “Taylor sampler’’” metal. The liquid penetrated the diaphragm and 
without exposure of the liquid metal to air. solidified inside the pipe. The evolved gas was sub- 


sequently measured and analyzed. Variations of this 
Table I. Hydrogen Equilibrium Solubility Values for method were used for hydrogen sampling by Scafe’ 


Liquid Iron: and Mravec.’ 
= The rapid quenching method has been used by 
My gresce Someeiity at E65 °C Derge and coworkers’ *° and by Sims, Moore, and 
‘ ' Williams.” * Derge poured the liquid steel into a 
pocera arOs ge per 1ONe bata faci very thin wedge in a large split copper mold. The 
sample was stored quickly in mercury or in a sealed 
ea ee pee tube. Sims poured the liquid steel into a split copper 
3. Liang (1946) 29.4 26.6 mold with a hole % in. inside diam and approxi- 
EN ie ane 23.0 ae mately 1% in. long. The sample was removed 


* Since weight percent values for hydrogen in steel are so small rapidly and stored under mercury. 


as to be cumbersome the solubility is expressed in parts per mil- 


lion (ppm), permitting the use of simple numbers. It is noted that England: Newell” used a method similar to the 
i ppm) — 9.0001 wt pet. Soler tube in which he attempted to collect gas 
j evolved on solidification and cooling of the sample. 

Literature Summary This method has been called the “balloon tube” 


A summary of the recent papers which have been _method. The evacuated pipette is much smaller than 
presented concerning the sampling of liquid steel is _ the Soler tube. Both the evolved gas and the solidi- 
presented below according to the country in which fied sample were analyzed for hydrogen. 
the work was done. MacKenzie” used a technique which collected the 

United States: In 1937 Hare, Peterson and Soler’ gas immediately after solidification of the sample. 
introduced a liquid steel sampling method that was This has been called the “sealed mold” method. The 
designed primarily for oxygen determinations. An liquid steel is poured into a stainless steel tube 6 in. 
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Fig. 2—Detail of sampler and trap door. 


long and 1 in. in diam. Within 15 sec after pouring, 
the top of the stainless steel tube is sealed off by a 
ground glass joint and stopcock. The evolved gas 
and the sample are analyzed for hydrogen. Speight 
and Cook” also used this method. 

Newell,” Wells and Barraclough,” Speight and 
Cook,“ and Sykes, Burton and Gregg” have all used 
the “chilled pencil test.” In this sampling method, 
the liquid is poured into a tapered hole 6 in. long 
and approximately % in. diam in a steel or cast 
iron mold which is usually suspended within a 
water bath. The sample is removed rapidly, a sec- 
tion broken off and stored under mercury. Recently, 
Wells and Barraclough” and Sykes” and coworkers 
stored such samples in dry ice. This was to prevent 
_ or slow down the diffusion of hydrogen out of the 
sample. They reported excellent results for storage 
times up to 24 hr with this method. Naughton” 
stored hydrogen samples in liquid air. | 


Germany: Herasymenko and Dombrowski” orig- 
inally developed the “sealed mold” method pre- 


1 


viously described. Geller and Tak-Ho-Sun™ used a 
complicated suction method of sampling steel for 
hydrogen. Very recently, Wentrup, Fucke and Reif 
also described a suction method of sampling for 
hydrogen. The liquid steel sample was sucked into 
a small quartz tube. The quartz tube with the 
sample inside was broken off within 10 sec and 
stored under mercury. After 24 hr holding, the 
evolved gas and sample were both analyzed for 
hydrogen. 

Japan: Kobayashi” was the first author to use the 
suction method with the quartz tube. 


Russia: Chuiko has written a number of papers” 
*,%,% on hydrogen in liquid steel but only in one” 
were samples taken. The samples were poured into 
evacuated molds and the gas collected during solidi- 
fication. After the sample had cooled, the gas which 
was evolved was analyzed for hydrogen. The hy- 
drogen gas which still remained in the solid sample 
after cooling to room temperature was calculated 
on a theoretical basis developed by the author. 


Apparatus 


The Furnace: The controlled-atmosphere induc- 
tion furnace is shown in fig. 1. The essential parts 
of the furnace were (1) the 30-lb capacity magnesia 
crucible, (2) the two sections of silica tubing, 9 in. 
in diam, which were used to enclose the melting 
furnace, (3) the water-cooled brass head with a 
central trap door for sampling, a sight glass for 
reading the bath temperature, a gas inlet and a gas 
outlet, (4) the gas inlet at the bottom of the fur- 
nace. The furnace crucible was packed with a mix- 
ture of magnesia and alumina. Corrugated paper 
was placed around the inner wall of the lower silica 
tube before packing. This was used to prevent 
cracking of the silica tube when the packing ex- 
panded on heating. The paper was burned out in 
air by preheating the crucible with a graphite rod 
charge. 

The two sections of silica tube were used so that 
the metal could be poured out of the furnace cruci- 
ble at the end of an experimental heat. The top 
section was removed and a transite cover placed 
over the top of the lower silica tube. The furnace 
then was tilted and the metal poured. 


The Sampler: The sampler, which was an im- 
provement over the one described by Taylor and 
Chipman,” is shown in fig. 2. The copper mold was 
1 in. od and 3% in. long. The center was reamed out 
with a No. 5 tapered pin reamer and the top was 
threaded to fit a 4% in. steel pipe. These were con- 
nected by a short, small hole. To keep the metal 
from running up through this small hole, a copper 
plug was inserted into the top of the reamed hole. 
These items can be seen in fig. 2. The copper plug 
was made by cutting a % in. strip of 0.01 in. copper 
sheet approximately 5 in. long and rolling it into a 
coil. The plug allowed good suction and yet kept 
the liquid metal from running past it. A small suc- 
tion bulb was attached to the upper end of a 3 ft 
length of % in. iron pipe which served also as a 
handle. A 2 in. piece of 7 mm Vycor tubing was in- 
serted in the lower end of the tapered hole and 
turned until it was tight. No cement of any kind 
was necessary to hold this tube in place. The Vycor 
tube was dipped into the bath and the metal sucked 
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into the copper mold. Thus the copper mold was not 
in contact with the liquid metal. This was quite an 
advantage since it allowed a very rapid removal ‘of 
the sample from the sampler and also kept the 
copper mold from being heated to a high tempera- 
ture. 

The Gas: The gases used in this investigation 
were hydrogen and helium, the latter being used as 
a diluent to vary the partial pressure of the hy- 
drogen. For this purpose it was preferred to argon 
since its molecular weight is more nearly equal to 
that of hydrogen and errors of thermal diffusion are 
therefore smaller. The desired gas mixtures were 
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Fig. 3—Summary of hydrogen sample values from 
nine iron heats. 


obtained from 4 calibrated flowmeters—two for hy- 
drogen and two for helium since two gas inlets were 
used. The gases after mixing were passed through 
an anhydrous drying tower and into the furnace. 
The outlet gas was burned in air. 


Operating Procedures 


Furnace Operation: From the experience gained 
in the preliminary heats, the following furnace pro- 
cedure was found to be satisfactory. 

The crucible was charged with approximately 15 
lb of sheared Armco iron bars for the iron heats 
- and 15 lb of alloy steel or nickel for the alloy steel 

~ and nickel heats. The upper silica tube and brass 
cover were placed in position and the flow of helium 
was started. If no gas leaks were observed, the 
water and power were turned on. After melt-down, 
8 g of aluminum rod was dipped beneath the sur- 
- face of the metal, the flow of helium was stopped 
and the flow of hydrogen, at approximately 5 cf per 
hr in the bottom inlet and 10 cf per hr in the top 
inlet, was started. The hydrogen flow was continued 
for 1 hr. This was done to saturate the liquid with 
hydrogen and to allow time to stabilize the bath 
temperature. At the end of this hour, the helium 
flow was again started. The rates of flow of hy- 
drogen and helium were adjusted until the desired 
mixture of the two was obtained. In most runs at 
least two different gas mixtures were used. Metal 
samples for hydrogen analysis were taken from the 


liquid under the higher hydrogen gas mixture, and 
following this, the gas was adjusted to the lower 
hydrogen gas mixture and samples again taken. 

In spite of a reasonably tight furnace, there was 
still a small difference between the composition of 
the entering furnace gas and the exit furnace gas, 
the latter being usually slightly lower in hydrogen. 
This difference may have been due in part to small 
air leaks and also to reduction of the hot furnace 
materials by the hydrogen. In practically all the 
heats reported in this investigation, a 250 cc sample 
was taken of the exit gas and the sample analyzed 
for hydrogen by means of an Orsat apparatus. 

The metal was deoxidized with aluminum be- 
cause it was observed in preliminary heats that no 
matter how fast one quenched the liquid sample, 
a solid sample could not be obtained when the oxy- 
gen content of the bath was high. Furthermore, 
since the hydrogen equilibrium solubility data were 
obtained for low oxygen iron, a deoxidized bath was 
necessary. Silicon was originally used as the de- 
oxidizing element. Large amounts of silicon were 
sometimes needed to deoxidize thoroughly the 
Armco iron and some high residual silicon contents 


resulted which reduced the hydrogen solubility. The 


silica which was formed as a deoxidation product 
reacted strongly with the basic magnesia crucibles. 
As a result of this experience, a small amount of 
aluminum was used as the deoxidizing element in 
each heat. It did not form a slag, and it was as- 
sumed that the very small amount added did not 
affect the hydrogen solubility. 


Temperature Measurement: Temperatures were 
measured with a Leeds and Northrup optical pyro- 
meter. Readings were taken through the pyrex sight 
glass in the brass head. During the hour in which 
the liquid was: held under pure hydrogen, the melt 
was slowly solidified while temperature readings 
were taken. This measurement of the solidification 
temperature gave the necessary optical calibration 
point or constant in order to obtain the true tem- 
perature according to the approximate formula, 


= R = K, in which S is the observed temperature 


and T the true absolute temperature. For the iron 
heats the temperature was then raised until it was 
steady at 1565°C. The estimated accuracy was 
+ 15°C. For the alloy steel heats the temperature 
measurements were not this accurate due to the un- 
certainty in the true solidification temperatures. 


Sampling Procedure: Initially, the central sampl- 
ing tube above the trap door was flushed with hy- 
drogen. After this, the sampler with the cap attached 
was screwed into position as shown in fig. 2. The 
brass slide of the trap door was then pulled out and 
the sampler lowered into the furnace. The suction 
bulb was squeezed twice, and the Vycor tubing ex- 
tending out of the copper mold was dipped beneath 
the surface of the liquid. The suction bulb was 
released and after a 2-sec wait the sampler was 
quickly pulled up into the tubing above the trap 
door and the brass shutter pushed back into place. 
The cap was loosened and the sampler taken out. 
The metal in the Vycor tubing protruding from the 
copper mold was seized with a pair of pliers and 
the sample pulled out of the mold. The sample was 
quickly quenched into water and then into a dry 
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ice-acetone mixture. In some cases the Vycor tube 
fell out of the copper mold after sampling while the 
sampler was being pulled out of the furnace. In 
these cases the sample was removed from the copper 
mold by tapping the mold on the floor. The total 
time from the aspiration of the metal into the copper 
mold to quenching in dry ice and acetone was 
usually 15 to 20 sec and never over 45 sec. After 
thorough quenching, the end of the sample that had 
been in the Vycor tube was cut off and the other 
end was wrapped with aluminum foil containing an 
identification number. The sample was quickly stored 
in dry ice. The surface of the samples was smooth 
and shiny due to rapid cooling in the hydrogen at- 


the copper mold; and of the effect of water cooling 
the sampler. None of these indicated any marked 
influence on the retention of the dissolved hydrogen 
within the limits of the experiments. There ap- 
peared to be a very slight tendency for the thin ~ 
samples to retain the very high hydrogen values a 
little more easily. The failure to find an appreciable 
benefit due to faster initial cooling in the copper 
sampler may be due to the sample contraction. This 
contraction is so fast and of such magnitude that 
some samples dropped out of the copper mold 
within 2 to 3 sec after taking the sample as the 
sampler was being pulled out of the furnace. Be- 
cause of this contraction, an air space forms around 


Fig. 4—Hydrogen 
results from Heat 37. 
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mosphere. Before analysis, the sample was taken 
out of the dry ice and a section (weighing approxi- 
mately 2 g) was cut from it with an underwater 
cutoff wheel. This sample was dried and placed 
back in dry ice ready for analysis. The cutting 
operation required about 2 min. 


Experimental Results 


Development of Sampling and Storage Methods: 
At the beginning of this investigation when the 
copper mold was dipped directly into the bath, the 
sampler was immediately removed and quenched 
in water. The samples taken, when using this pro- 
cedure, often showed considerable water vapor on 
analysis. These early results, including the water 
vapor as hydrogen, were often twice the equili- 
brium value. The amount of water vapor given off 
was erratic but was present in most samples. Con- 
sequently, attempts were made to quench the 
sampler in molten tin and in mercury. Samples 
taken in this manner did not give off any water 
vapor on analysis, but the hydrogen values obtained 
were quite low. After this the sampler was cooled 
by running cold water over the surface of the 
copper mold. This cooled the mold to room tem- 
perature in approximately 1 min. This procedure 
also gave samples free of water vapor, but the hy- 
drogen found in the analyzed samples taken in the 
early heats was well below the equilibrium solu- 
bility value. Studies were made of the effect of 
chilling the copper mold before use; of the effect of 
smaller size samples by using very small bores in 


the sample which insulates it from the cooled copper 
mold. Only by using a tight copper plug at the top 
of the tapered hole were most of the samples kept 
from falling out. 

The best results were obtained not by cooling the 
sampler containing the sample but by rapidly cool- 
ing the sample itself. A similar effect was observed 
by Wells and Barraclough” who found it necessary 
to remove the metal sample rapidly from a water- 
cooled mold and to quench it in water. 

No complete study of the various storage methods 
was made. Comparisons were made between sam- 
ples stored in dry ice and samples stored in eva- 
cuated tubes. These results indicated that dry ice 
storage was satisfactory for periods up to 24 hr for 
low alloy steels. Also, duplicates of some samples 
were stored for periods of 24 hr and longer. These 
results indicated that chilled austenitic steels and 
nickel could be stored for periods up to 3 days with- 
out any significant loss of hydrogen by diffusion out 
of the sample. The best policy with low alloy steels 
was to analyze the samples within a period of less 
than 12 hr, especially for the high hydrogen 
samples. Practically all the hydrogen sample ana- 
lyses reported in this investigation were made after 
less than.a 12-hr storage time. 

Considerable care was necessary in handling 
samples. One source of trouble was contact of the 
sample with water and grease or oil whereby very 
small amounts of these could be absorbed on the 
surface. Water came in contact with the samples in 
water quenching and in using the underwater cut- 
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off wheel. Grease and oil came in contact with the 
samples from unclean tools used to handle them, 
from the underwater cutoff wheel when it had pre- 
viously been used to cut a greasy or oily specimen, 
and from drying in an air blast from which the oil 
droplets had not been filtered out. The above sources 
of extraneous hydrogen were noted for the samples 
which had poor surface. When the sample had a 
poor surface, cleaning in carbon tetrachloride was 
not always successful. 


Sampling Liquid Iron and Liquid Nickel for Hy- 
drogen: 1. Iron Heats Made Using 25 and 10 pct 
Hydrogen Mixtures: Using the sampling procedure 
described earlier, samples were taken from the 
liquid iron under 100 and 50 pct hydrogen gas 
mixtures. These samples were completely hollow in 
spite of rapid cooling. However, with a 25 pct hy- 
drogen mixture the samples were for the most part 
macroscopically solid. Since equilibrium is estab- 
lished very rapidly, as will be shown later, the 
liquid metal under a 25 pct hydrogen mixture con- 
tained one-half the maximum liquid solubility or 
12 ppm, based on Sieverts’ solubility law. Of the 
early samples taken from liquid iron with the 25 
pet hydrogen mixture, only a few retained essen- 


- tially the equilibrium amount of hydrogen. Attempts 


were made in 9 heats to improve the sampling tech- 
nique so that all of the samples would retain all of 
the dissolved hydrogen. In these heats both 25 and 
10 pet hydrogen mixtures were used. A summary 
of the results is given in fig. 3. The equilibrium 
value for the 25 pct mixture, depending upon the 
exact composition of the exit gas and upon the 
metal temperature, was 11.0 to 12.0 ppm, and for 
the 10 pet mixture it was 7.0 to 8.0 ppm. The plot 
gives the hydrogen values in parts per million on 
the ordinate and the number of samples within each 
range on the abscissa. These data include both the 
good and the poor samples from these 9 preliminary 
heats. The poor samples were those which were 
taken too slowly or which contained some porosity. 
Only 35 pct of the samples taken under the 25 pct 
hydrogen mixture retained the equilibrium amount 
of hydrogen but 70 pct were within 2.0 ppm of the 
equilibrium value. In other words, 70 pct of the 
samples retained 80 pct of the dissolved hydrogen. 
For the 10 pct hydrogen mixture, over 50 pct of the 
samples retained the equilibrium amount and almost 
90 pet were within 1.0 ppm of this value, or 90 pct 
of the samples retained 85 pct of the dissolved hy- 
drogen. Since the 25 pct mixture results in a much 
higher dissolved hydrogen than is normally found 


in commercial low alloy steels, it was decided for 


the subsequent melts to concentrate on the lower 
hydrogen mixtures. Excellent results were obtained 
with the lower hydrogen mixtures and are given 


below. 


2. Iron Heats Made Using 10 and 5 pct Hydrogen 
Mixtures: Since 11.0 to 12.0 ppm is an extremely 
high hydrogen value for low alloy steel, 3 heats 
were made with the melt containing 5.0 to 8.0 ppm 
of dissolved hydrogen. The gas mixtures used were 
roughly 5 and 10 pct hydrogen. The results are 
summarized in table II and heat 37 is shown in fig. 
4. These results indicate successful sampling since 
every sample retained a very high percentage of 
the dissolved hydrogen. An average of 94 pct of the 


dissolved hydrogen was retained in the analyzed 
samples. From these data it appears that when 
molten low alloy steels contain up to 7.5 ppm of 
dissolved hydrogen, the sampling technique used is 
very accurate. In heats 38 and 39, work was also 
done on the rate of evolution of hydrogen from a 
molten bath under 100 pct helium. These results are 
discussed below under “Rate of Solution and Evolu- 
tion of Hydrogen from Liquid Iron.” 


Table II. Sampling of Remelted Armco Iron Heats at 


1565°C 
Heat No. 37 
Equilibrium 
Time Atmosphere Solubility Analysis 
Sample Minutes Pct He ppm ppm 
0 9.5 7.8 
1 3 9.5 7.8 8.4 
2 10 9:5. 7.8 7.6 
3 20 9.5 7.8 7.8 
4 30 9.5 7.8 1/3 
35 5.0 55) 
5 39 5.0 5.5 Sth 
6 46 5.0 5:5. 5.1 
7 60 5.0 5.5 5.2 
8 64 5.0 Ys: 5.4 
Heat No. 38 
0 8.4 7.2 
1 10 8.4 ie) | 6.9 
2 15 8.4 7.2 7.0 
3 30 8.4 To 6.7 
4 40 8.4 7.2 TO 
45 3.6 4.8 
5 50 3.6 4.8 5.0 
6 54 3.6 4.8 4.7 
7 60 3.6 4.8 4.8 
8 65 3.6 4.8 4.8 
70-0 0 0.0 
9 2 0 0.0 3.6 
10 120 0 0.0 2.9 
11 178 0 0.0 2.4 
12 238 0 0.0 1.2 
Heat No. 39 
0 9.0 7.5 
1 2 9.0 7.5 7.7 
2 20 9.0 7.5 6.8 
3 35 9.0 7.5 6.8 
4 55 9.0 7.5 6.9 
65 Sali 6.0 
5 74 ae 6.0 5.9 
6 83 Beye 6.0 5.8 
7 89 BLE 6.0 5.8 
8 95 bHY: 6.0 5.9 
100 - 0 0 0.0 
9 3 0 0.0 4.6 
10 46 0 0.0 2.9 
11 62 0 0.0 2.6 
12 122 0 0.0 2.3 
13 183 0 0.0 1.4 
14 238 0 0.0 nies 


Table III. Sampling of Armco Iron Heat No. 42 


at 1565°C 
Equilibrium 
Time Atmosphere Solubility Analysis 
Sample Minutes Pet He ppm ppm 
0 23 12.0 
1 6 23 12.0 11.2 
2 12 23 12.0 9.4 
3 25 23 12.0 10.8 
30 9.8 7.8 
4 36 9.8 7.8 7.0 
5 44 9.8 7.8 7.4 
6 55 9.8 7.8 7.3 
60 5.2, 5.7 
7 66 5.2 5.7 5.5 
8 71 5.2 ace 5.5 
9 15 5.2 oat 5.4 
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3. Iron Heat Made Using 25, 10 and 5 pct Hy- 
drogen Mixtures: A final iron heat was made using 
25, 10 and 5 pct hydrogen gas mixtures. This heat 
is given in table III. This is a good check of the find- 
ings of the previous heats. With the 25 pct hydrogen 
mixture, the samples retained 80 to 85 pct of the 
dissolved hydrogen, while with the 10 and 5 pct 
mixtures, 95 pct of the hydrogen was retained in 
the sample. 


4. Pure Nickel Heats: Sieverts determined the 
solubility of hydrogen in pure liquid nickel. At 
1480°C, the solubility of hydrogen in liquid nickel 
under 1 atm of hydrogen is 36.0 ppm, whereas for 
iron it is 24.8 ppm at 1550°C. To obtain a further 
check on both the sampling and analytical pro- 
cedure, 2 heats were made using a charge of electro- 
lytic nickel. Because of the high hydrogen solu- 
bility, it was decided to use a 10 pct hydrogen mix- 
ture in the first heat. These results turned out so 
well that the second heat was made with both 25 
and 10 pct hydrogen mixtures. The hydrogen values 
for these heats are shown in table IV. It was pos- 
sible to retain very high amounts of dissolved 
hydrogen with liquid nickel using the described 
sampling method. Also it was observed while 
sampling nickel that one could be slower in quench- 
ing and still retain the hydrogen quite well. The 
data agree with Sieverts’ solubility value of 36 ppm 
at 1480°C. 


5. Summary of Sampling Studies: This concluded 
the work in which Sieverts’ solubility data were 
available. On the basis of these solubility data, the 
sampling method, when used for very low alloy 
iron, was accurate to an average of 0.45 ppm for 
dissolved hydrogen contents of 7.0 to 7.5 ppm and 
to an average of 0.16 ppm for hydrogen:contents of 
6.0 ppm and below. The precision was approxi- 
mately + 0.2 ppm for all the liquid iron heats con- 


taining less than 7.5 ppm of dissolved hydrogen. For | 


higher dissolved hydrogen contents in low alloy 
iron, the accuracy and precision were less than this. 
However, on the basis of previous work” on 
sampling low alloy steel heats and the commercial 
sampling results given at the conclusion of this 
paper, it appears that the hydrogen contents of 
commercial low alloy steel heats are below 7.5 ppm 


even in the case of high hydrogen heats. For high — 


alloy steels, especially austenitic alloys, dissolved 
hydrogen contents are generally much higher, but 
as will be shown later in the experimental alloy 
heats, the sampling technique is able to retain these 
higher dissolved hydrogen contents in high alloy 
steels. The above results on the pure nickel heats 
also serve to illustrate this point. 


Rate of Solution and Evolution of Hydrogen from 
Liquid Iron: It was intended in the course of this 
work to study the rate of solution or evolution of 
hydrogen or the rate of approach to equilibrium. In 
the experimental procedure outlined above, it was 
possible to study the rate of evolution of hydrogen. 
As seen in table II, in going from 100 to 10 pet hy- 
drogen and from 10 to 5 pet, the bath reached equili- 
brium with the lower hydrogen mixture within 5 
to 6 min, and samples taken in less than this time 
caught the hydrogen on the way down. In all the 
heats made, samples taken in less than 5 min in 


Table IV. Sampling of Electrolytic Nickel Heats at 


1480°C 
Heat No. 28 
Equilibrium ; 
Time Atmosphere Solubility Analysis 

Sample Minutes Pct He ppm ppm 

0 10 PS: 
1 3 10 11.5 12.8 
2 7 10 11.5 10.3 
3 20 10 1.5 as 
4 So 10 11.5 11.2 
5 50. 10 11.5 11.5 
6 | 55 10 11.5 11.2 

Heat No. 29 

0 22.1 16.4 
1 2 22.1 16.4 16.8 
2 10 22.1 16.4 16.4 
3 15 22.1 16.4 15.9 
4 25 22.1 16.4 16.3 

35 9.5 iPlay 
5 37 9.5 Aes" 12.0 
6 50 9.5 11.2 11.2 
7 56 9.5 11.2 11.0 
8 75 9.5 11.2 sip leas 


going from a higher to a lower hydrogen gas mix- 
ture were slightly above the equilibrium value 
while in no case were later samples (over 6 min) 
above this value. This indicates that the rate of ap- 
proach to equilibrium is extremely fast under the 
experimental conditions used. The 5-min period 
required to come to equilibrium with the lower 
hydrogen gas mixture was the time required for the 
excess hydrogen gas to be swept out of the furnace 
atmosphere and not the time required for the melt 
to reach equilibrium with the contiguous gas. 
Three heats were made to study the rate of solu- 
tion of hydrogen or the rate of approach to equili- 
brium from the lower side. These heats were melted 
according to the described procedure, but after the 
metal was held under pure hydrogen for 1 hr a 
sample was taken. This was done to be sure that the 
dissolved hydrogen was extremely high as evidenced 
by the hollow tube samples obtained. The hydrogen 
was turned off and pure helium was passed over 
the bath. Samples were taken for the next 20 min. 
A 25 pet hydrogen-helium mixture was then passed 
over the bath and samples again taken. The results 
are summarized in table V. It was observed that 
the rate of solution was as rapid as the rate of 
evolution. However, in these 3 heats it appeared 
strange that after the initial very rapid rate of 
evolution of hydrogen in going from 100 pct hy- 
drogen to 100 pct helium, the rate slowed down ap- 
preciably and all the hydrogen was not evolved 
after 20 min. Consequently heats 38 and 39, already 
discussed, were made in which the iron was held 
under helium for 4 hr. The results of heat 39 are 
shown in fig. 5. It was observed again that the hy- 
drogen was evolved very slowly, decreasing to ap- 
proximately 1.0 ppm at the end of 4 hr. In the 
second hour of the heat, a sample was taken from 
the exit gas. This sample contained no hydrogen 
but analyzed 0.09 pct water vapor or a partial pres- 
sure of 0.0009 atm. Thermodynamically, at equilib- 
rium, this amount of water vapor is capable of 
adding approximately 2.0 ppm of hydrogen with the 
low oxygen content of the bath. The reaction is: 
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Fig. 5—Hydrogen results from Heat 39. 
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The equilibrium constant for this reaction was ob- 
tained from the data of Chipman and Fontana” and 
Sieverts” solubility data. A more complete discus- 
sion of the effect of water vapor is given in a pre- 
vious paper.” These calculations together with the 
observed water vapor content indicate that water 
vapor could have accounted for the slow rate of 
evolution of hydrogen under a 100 pct helium at- 
mosphere. The water vapor could have added 
hydrogen to the melt at a rate comparable to its 
evolution from the bath. 


Sampling Liquid Alloy Iron-Nickel Heats: There 
is no hydrogen solubility data on liquid iron alloys 
other than iron-silicon.*? Work had been done on 
some-solid iron alloys such as iron-nickel,” iron- 
manganese” and iron-molybdenum.” In spite of this 
lack of solubility data, it was decided to make an 
iron-nickel alloy and an 18-8 stainless steel. This 


Table V. Rate of Solution of Hydrogen-Armco Iron 
Heats 


Heat 39 (continued) 
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was done mainly for the purpose of studying the 
precision of the sampling method with austenitic 
steels from which the diffusion of hydrogen is - 
slower, thereby permitting easier retention of the 
dissolved hydrogen, and in which there is no phase 
change in the solid on cooling. One could estimate 
roughly from these results the solubility of hy- 
drogen in the particular alloy made at the tempera- 
ture concerned. 

1. Thirty-five Pct Nickel-Iron Heat: The first 
heat was a 35 pct nickel-iron alloy which is practi- 
cally the ‘“‘invar’’ composition and is austenitic. The 
results are shown in table VI. A gas sample was not 
taken nor was the temperature accurately measured 
since the_liquid solubility data were not available. 
There was a definite increase in hydrogen solu- 
bility by the addition of 35 pct nickel to iron and 
this agrees qualitatively with the solid equilibrium 
results. From these data, the liquid solubility was 
calculated as approximately 30.0 ppm at one atmos- 
phere of hydrogen at 1550°C. 


Table VI. Sampling of Austenitic Steels 
35 pet Nickel Heat (1500°C) 


Heat No. 24 
Heat No. 33 Time Atmosphere Hydrogen 
Sample Minutes Pet He ppm 
Time Atmosphere | Solubility Analysis 
Sample Minutes Pct He ppm ppm 0 9-10 
1 3 9-10 12.9 
2 10 9-10 8.9 
0 100 25 3 15 9-10 86575 
i 60 100 25 Hollow sample 4 35 9-10 9.1 
5 60 9-10 9.2 
65 0 0 
2 68 0 0 8.0 
3 80 0 0 3.0 
4 Be ze tae 11.3 18-8 Stainless Steel Heats (1480° C) 
5 145 23 12.0 10.0 Beat No. 40 
0 23.0 
psd Ses 1 6 23.0 12.8 
2 12 23.0 133 
3 25 23.0 120 
0 100 25 30 10.5 
1 60 100 25 Hollow sample 4 35 10.5 10.4 
65 0 0 5 41 10.5 8.6 
2 67 0 0 Hollow sample 6 55 10.5 8.6 
3 74 0 0 4.8 7 60 10.5 9.1 
4 89 iy 0 2.4 8 66 10.5 8.4 
95 23(?) 12.0 
5 100 23 12.0 11.5 
6 135 23 12.0 10.3 Heat No. 41 
. 36 0 22.0 
ene: 1 5 22.0 14.1 
2 12 22.0 12.5 
0 100 25 3 16 22.0 12.8 
Be 60 100 25 Hollow sample 25 10.5 iat 
65 0 0 4 Buh 10.5 B® 
2 70 0 0 7.6 5 39 10.5 1 
3 85 0) 0 5.6 6 ae Aan ae 
0 0 Eko) Ts, i i 
: ie 25 12.5 8 59 ise oe 
5 110 25 12.5 12.1 9 63 j Ki 
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2. 18-8 Stainless Steel: Two heats of 18-8 stain- 
less steel were melted. One-inch stainless steel rod 
was used as the melting charge for the first heat. 
The samples on the first heat were slightly magnetic 
so that on remelting the ingot for the second heat, 
1 pct nickel was added to the charge. These samples 
were nonmagnetic. The heats are shown in table VI. 
These results were quite satisfactory and indicate 
that the sampling technique when used for aus- 
tenitic steels was able to retain a much higher dis- 
solved hydrogen more completely than when used 
for ferritic steels. From these data, the liquid solu- 
bility was calculated as being approximately 28.0 
ppm for 1 atm of hydrogen at 1480°C. 


Commercial Steel Heats 


At the conclusion of the above work, when it ap- 
peared that the sampling and analytical techniques 
were accurate, samples were taken from commercial 
steel heats. This work was done for the purpose of 
ascertaining the adaptability of the method to com- 
mercial work and not to make a thorough study of 
the hydrogen content of commercial steels. If the 
latter study were contemplated, it would require a 
very large amount of sampling and analysis in order 
to determine the average hydrogen content for the 
various types of steels and steelmaking practices. 
A total of 17 commercial heats were sampled. There 
were 5 acid open hearth heats, 1 basic open hearth 
heat, 6 basic electric heats, 3 induction furnace heats 
and 2 acid electric heats. 

Various grades of steel were included, from plain 
carbon steels to 38-18 chromium-nickel-iron alloys. 
The furnace samples were taken from well slagged 


spoons which were aluminum-killed. A few samples 
were taken from spoons which were not killed but 
only if the metal had been well deoxidized pre- 
viously in the furnace. Some ladle samples were 
taken and a few samples were taken out of risers 
in sand molds while castings were being poured. 
For this work it was possible to remove the samples 
from the mold and quench them faster than was 
possible in the experimental controlled atmosphere 
furnace. Also, since these samples were partially 
quenched in air rather than in hydrogen, they were 
slightly oxidized instead of being shiny as were the 
equilibrium samples. The results of some of these 
heats are summarized in table VII. 

From these data a few observations were made: 

1. There was a decrease in hydrogen with the 
carbon boil as was expected and as observed by 
other workers.” 

2. There was an increase in hydrogen after fur- 
nace deoxidation in almost every heat sampled. The 
increase was qualitatively comparable to the rela- 
tive deoxidizing power of the added elements. In 
other words, there was a slight increase after the 
manganese addition and a large increase after the 
silicon addition. 

3. In one case of a very high alloy grade, there 
was a marked increase in hydrogen in the ladle 
after ladle deoxidation with aluminum and titanium. 

4, There was an increase in hydrogen after pour- 
ing into a sand mold. 

5. The average hydrogen at tap was 3.0 to 5.0 
ppm for low alloy steel and 5.0 to 8.0 for very high 
alloy iron. 

These observations were made on the basis of a 


Table VII. Summary of Hydrogen Contents of Commercial Steel Heats 


Acid Open Hearth Heats, Low Carbon Steel 


Basic Open Hearth Heat, High Carbon 


Time, Min- 
Heat Sample utes, After 
No. No. Melt-down Hydrogen, ppm 
i 1k 45 2.5 
2 60 2.4 
3 75 2.3 
96 Si and Mn added 
4 105 3.4 
2 3 60 4.0 
2 75 oA | 
3 90 2.4 
Heat poured into dry sand mold 
4 i 4.7 
3 cl 30 32 
2 45 2.6 
3 60 2.4 
80 Si and Mn added 
4 906 3.6 
5 1 75 2.3 
2 90 2.1 
100 Si and Mn added 
3 110 3.2 
Basic Electric Arc Heats 
9 1 5 2.0 
2 15 1.9 
20 Mn added 
3 30 2.3 
40 Si added 
4 47 5.5 
11 al 30 2.8 
40 Mn added 
2 50 3.2 
60 Si added 
3 70 3.1 


Time, Min- 
utes After 


Heat Sample 
No. Melt-down 


No. Hydrogen, ppm 


12 1 90 4.0 
105 Si-Mn added 
2 115 4.0 
125 Mn added 
Sol! 


3 
Heat poured into ladle 
4 Ladle 5.8 


: Acid Arc Furnace Heats 
35-15 Chromium-Nickel-Iron Alloy 


13 1 10 3.4 
Heat poured into ladle 
2 adle 12.1 
Ladle poured into wet sand mold 
3 Mold 13.0 
14 1 10. 8.0 
Heat poured into ladle 
; | Thadle No. 1 6.8 
Reladled 
3 Ladle No. 3 TA 
Induction Furnace Heats 
18-8 Stainless Steel 
15 15 Al added 
20 6.1 
Heat poured into wet sand mold 
2 30 6.4 
16 Heat poured into ladle 
1 Ladle 6.1 
17 Heat poured into ladle 
2 Ladle 5.2 
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relatively small number of samples. Water vapor in 
the slag could possibly account for the increase in 
hydrogen which was observed after furnace de- 
oxidation. Calculations previously presented” showed 
the equilibrium relation between hydrogen, oxygen 
and water vapor in the presence of liquid steel. 
These calculations indicate that the lower the oxy- 
gen content of liquid steel the greater the driving 
force of water vapor in the direction producing hy- 
drogen. Previous to this work, Kobayashi” had ob- 
served a hydrogen increase after killing liquid steel 
and also had submitted the hypothesis that this was 
due to water vapor in the slag. Chuiko”™ has sup- 
ported the same viewpoint. Very recently, Wentrup” 
and coworkers reported analyses showing consider- 
able water vapor in basic slags and a smaller 
amount in acid slags. They also believed that in- 
creases in hydrogen which they observed after kill- 
ing the metal were due to water vapor. Much more 
experimental proof is necessary, however, before 
a definite conclusion can be made. 

In general, the results obtained for low alloy 
steels are slightly higher than those reported by 
Sims and coworkers,” similar to some English data,” 
and lower than the data reported by other English" 
and German workers.” Careful review of the latter 

“two indicated possible explanations for the high 
hydrogen values reported. The English workers" 
obtained considerable water vapor from their hy- 
drogen samples during the solid extraction analyses. 
They attributed this to a reaction between the 
dissolved hydrogen and oxygen, and therefore in- 
cluded all the water vapor as part of the dissolved 
hydrogen. As observed earlier in this investigation, 
there is a possibility that the water vapor given off 
in analysis was not a part of the dissolved hydrogen 
in the sample. 

The present work, through the necessary refine- 
ments in analytical and sampling techniques, has 
made it possible to reconcile the differences in re- 
sults reported by other investigators. Through the 
use of an absolute calibration it is possible to evalu- 
ate the effects of slow sample quenching, of ab- 
sorbed water vapor, and of inferior analytical 
methods. 

It is emphasized that the proper use of the 
sampler requires a certain degree of manual dex- 
terity and judicious timing on the part of the 
operator. The best results were obtained through 
frequent use. 
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Summary 


A liquid steel sampling technique was developed 
which consisted of sucking a sample into a thick- 
walled copper mold, quickly pulling the sample out 
of the mold, and quenching it in dry ice and ace- 
tone. The total sampling time including the quench 
was approximately 15 sec. The samples were stored 
in dry ice for periods up to 12 hr. The accuracy of 
the method was determined by sampling metal of 
known hydrogen content in equilibrium with con- 
trolled hydrogen-helium mixtures. The accuracy of 


sampling for low alloy steel containing 12 ppm was 

roughly 80 pct retention of hydrogen; for metal of 
less than 8 ppm 95 to 100 pct of the dissolved hy- 
drogen was recovered. For austenitic steels the 
sampling technique is accurate up to 12.0 ppm, and 
for nickel up to 16.0 ppm. 


The rates of hydrogen solution and evolution 
were extremely fast under the experimental condi- 
tions used. Equilibrium was reached from the high 
and low sides within 5 min. 

Seventeen .commercial steel heats from various 
types of furnaces were sampled to prove the adapt- 
ability of the method to commercial work. The 
average hydrogen content at tap was 3.0 to 5.0 ppm 
for low alloy steels. 


The method appears to be very well suited to 
process control of hydrogen in commercial melting 
furnaces and to the investigation of a variety of 
problems involving hydrogen in liquid steel. 
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The Solubility of Oxygen in Liquid Iron Containing Aluminum 


by D. C. Hilty and Walter Crafts 


The solubility of oxygen in iron containing aluminum has been determined at 
1550°, 1600°, and 1650°C and found to be much higher than predicted from theo- 
retical considerations, possibly due to equilibria with an iron-aluminum spinel phase 
rather than pure Al... The presence of manganese greatly increased the deoxidizing 

power of aluminum. 


EOXIDATION and inclusion formation in steel 
have proved to be elusive phenomena that are 
difficult to control in spite of much effort to under- 
stand and evaluate the reactions. Study of the prob- 
lem indicated that more accurate data on the solu- 
bility of oxygen in iron containing deoxidizers were 
essential to further progress, and an empirical deter- 
mination of oxygen solubilities has been initiated at 
the Union Carbide and Carbon Research Labora- 
tories, Inc. The investigation has included the effects 
of aluminum, silicon, manganese, and combinations 
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Fig. 1—Comparison of deoxidizing powers of vari- 
ous elements at 1600°C. 


Basic Open Hearth Steelmaking.1 


of these elements at 1550°, 1600°, and 1650°C. The 
equipment and experimental procedure as well as 
the results of a study of the effects of aluminum are 
described below. In general, it was found that the 
solubility of oxygen in iron containing aluminum is 
much higher than predicted, possibly because of the 
formation of complex nonmetallic phases, and that 
manganese greatly increases the deoxidizing power 
of aluminum. 

The generally accepted deoxidation curves for 
1600°C are summarized in fig. 1, from “Basic Open 
Hearth Steelmaking’”. These curves are assumed to 
represent the solubility of oxygen in the presence 
of deoxidizers and should indicate the limits of mis- 
cibility gaps in the phase diagrams of the systems 
that control the formation and character of non- 
metallic inclusions as described by Benedicks and 
Lofquist’. They were derived mainly by application 
of the methods of thermodynamics to the available 
experimental observations, and by calculations 
based on the thermal constants of the pure sub- 
stances when experimental data were lacking. 
Among the more notable researches contributing to 
the development of knowledge of oxygen solubili- 
ties are those of Korber and Oelsen* *, C. H. Herty, 
Jr. and associates” *, Krings and Schackmann’, Went- 
rup and Hieber*, Schenck and Briiggeman’, Vacher 
and Hamilton”, and Chipman and co-authors’ *% ®, *, 

Practically, the deoxidation curves are of limited 
value in predicting oxygen content and rationalizing 
deoxidation practices. The reasons for this inade- 
quacy appear to be error from inaccurate data, 
oversimplifying assumptions, interacting effects of 
combined deoxidizers, and possibly unknown extra- 
equilibrium and side reactions. Although inclusion 
formation is a very complex reaction it must be re- 
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lated to and evaluated in terms of the deoxidation 
curves. For this reason it was considered that a 
redetermination of the deoxidation curves was 
essential to further solution of the deoxidation 
problem, and an investigation of oxygen solubilities 
was undertaken. The investigation of deoxidation 
with aluminum, alone, and to some extent in com- 
bination with silicon and manganese, is described 
below. A similar study of silicon and manganese is 
included in an accompanying paper”. 


Experimental Furnace: The work of Taylor and 
Chipman” on the solubility of oxygen in liquid iron 
and the activity of FeO in slags in contact with liquid 
iron suggested that a rotating crucible furnace might 
be particularly useful in an investigation of deoxida- 
tion equilibria. As discussed by Taylor and Chip- 
man, the theory of such a furnace is that the forces 
set up by rotation of the crucible cause the surface 
of the molten charge to assume a concave shape. 
Slag rides in the liquid metal cup, so that contamina- 
tion of the slag by reaction with the crucible is pre- 
sumably reduced. Moreover, concentration of the 
slag in the cup considerably improves the possibili- 
ties for slag-sampling. 

Accordingly, a rotating crucible furnace was con- 
structed to the design shown in fig. 2. Great sturdi- 

“ness and a high degree of flexibility 
were prime considerations in the 
plan of this furnace, and, as will be 
evident from fig. 2, the completed 
furnace represented a modified com- 
posite of similar furnaces described 
in the literature” *. 

The coil assembly was designed 
for the use of prefabricated crucibles 
that were centered by means of a jig 
that fitted on the soapstone cover of 
the coil. The crucibles, held in posi- 
tion by the jig, were packed in the 


Brusk Ho/der 


coil by means of finely ground alu- = 
mina, magnesia, or silica sand de- g...;4 i 
pending upon the type of crucible Cy/aer 
employed. The coil itself was com- 

pletely encased in sillimanite cement Ae 

for the dual-purpose of holding the 

crucible packing material, which was) g..,,4, 
tamped in solidly, and of protecting Disc . 
the coil in case a heat went through 

the crucible. As additional insur- 


ance against damage resulting from 
a breakout, the inside of the Bakelite 
-~drum upon which the slip-rings were 
mounted was also coated with sil- 
-limanite. The Bakelite shield 
mounted horizontally at the top of 
the drum was for the purpose of pre- 
venting ‘metal splashings or other 
from falling on the 
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brushes. 

The rotating mechanism consisted 
of a 1% hp induction motor driving 
avariable speed transmission coupled 
to the vertical shaft upon which the 


Bearing 


Fig. 2—Plan of 
rotating furnace. 


(aes 


Flanged Cartridge 


coil assembly was mounted as shown in fig. 2. A 
continuously variable range of speed from 45 to 
approximately 250 rpm was obtainable, but for most 
of the investigation a speed of around 200 rpm was 
found satisfactory. By virtue of the steel shell and 
cover, the furnace could be operated either under 
vacuum or under controlled atmosphere. The water-- 
cooled thermocouple holder mounted on the cover — 
could be moved up and down and locked in any 
position. Sampling operations and the making of 
additions were carried out by removing the small 
cover plate from the sampling hole adjacent to the 
thermocouple holder mounting. - 

Provision was also made for tapping the furnace 
at the end of arun. Tapping was carried out by re- 


_moving the metal cover and tipping the entire struc- 
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ture on the trunnions. As the furnace approached 
the horizontal, or pouring position, a portable run- 
ner was moved into position butting against the lip 
of the crucible. Actual melting capacity of the fur- 
nace was approximately 30 lb of iron. For most of 
the work in the deoxidation studies, however, it was 
found convenient to employ from 12 to 20 lb of 
metal. 


Crucibles: For the investigation of aluminum de- 
oxidation, high-purity alumina crucibles were em- 
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ployed. They were hand-rammed in a specially de- 
signed cast iron mold from special grade Aloxite 
cement containing better than 99.0 pct Al,O, to 
which a small amount of water was added. After 
ramming, the crucibles were permitted to dry in the 
mold for 24 hr. They were then removed from the 
mold and allowed to dry for another 24 hr, after 
which they were fired for 8 hr at a temperature of 
1200°C. The finished crucibles were reasonably 
dense, mechanically strong, and-highly resistant to 
thermal spalling. It was found possible to use the 
same crucible for as many as five consecutive 6-hr 
runs. In most instances during the study of the 
aluminum-oxygen equilibria in molten iron, how- 
ever, the crucible was changed after every 2 or 3 
runs because of the buildup of crusty oxide deposits 
on the crucible walls and bottom as a result of what 
appeared to be reaction between the metal and cru- 
cible. This reaction is discussed more fully in a later 
section of this paper. 


Atmosphere: All of the experimental runs were 
carried out in an atmosphere of argon. The furnace 
was initially evacuated to a pressure of 100-200 
microns, and purified argon, containing 99.8-99.9 pct 
argon with the balance mainly nitrogen and less than 
0.00015 pct other impurities, was fed directly from 
a cylinder through the inlet valve on the furnace 
cover as indicated in fig. 2. When the argon pressure 
inside the furnace reached atmospheric pressure, the 
outlet valve at the bottom of the furnace shell was 
opened and for the duration of the run argon was 
kept sweeping through the furnace chamber. Argon 
flow was maintained fairly constant at 3 or 4 liters 
per min except during sampling or the making of 
additions, at which times it was increased to 10 or 
12 liters per min to help minimize contamination of 
the atmosphere resulting from the infiltration of air 
through the open sampling hole. 

Analyses of the furnace atmosphere during opera- 
tion with normal argon flow and the melt presum- 
ably at equilibrium repeatedly indicated no oxygen 
in the exit gas. In a test run made specifically for 
the purpose it was found that when the normal 
argon flow of 4 liters per min was maintained during 
sampling of the heat or during any other operation 
involving removal of the cover plate from the samp- 
ling hole, the oxygen content of the atmosphere im- 
mediately over the bath rose to approximately 0.1 
pet; but if the argon flow was increased to 10 liters 
per min while the sampling hole was open, any such 
contamination of the atmosphere was unmeasurably 
small. 

Contamination of the furnace atmosphere by mois- 
ture, however, proved to be a somewhat more serious 
problem. The source of this moisture appeared to 
be the furnace refractories, especially the sillimanite 
cement encasing the coil and coating the inside of 
the Bakelite drum. The argon used was practically 
moisture-free; moreover, moisture tests made by 
inserting a tube containing “Drierite,” an indicating 
anhydrous calcium sulphate preparation which is 


sensitive to approximately four parts per million . 


of moisture in air on the basis of data reported by 
Hammond and Withrow”, in the gas line between 
the furnace and the argon cylinders gave completely 
negative results. On the other hand, in the early 
stages of the investigation, relatively large volumes 
of moisture were observed in the furnace. 


The moisture problem was solved by carefully 
drying the furnace. With the furnace operating un- 
der vacuum, a charge of iron was melted, and the 
amount of cooling water was then reduced until it 
came out of the coil warm. After the heat was tap-. 
ped, the furnace was immediately sealed and placed 
under vacuum again. When the crucible had cooled 
to approximately 1000°C, the cooling water was 
turned off, so that all refractories within the furnace 
chamber were heated. This procedure was repeated 
until a negative moisture test in the exit gas was 
obtained from the furnace in a regular run. By 
employing the above drying operation after every 
relining of the furnace, and by keeping the furnace 
sealed under argon when it was idle, contamination 
of the atmosphere by moisture was held to a mini- 
mum. It is considered that the actual moisture con- 
tent of the atmosphere during the experimental runs 
was so low that it had no significant effect on the 
results. 


Temperature Measurement: The temperatures 
chosen for determination of the oxygen solubility 
isotherms were 1550°, 1600°, and 1650°C. A range 
of + 5°C from the specified temperature was set as 
the permissible limit of temperature variation for 
the isothermal observations. This range imposed 
no hardship with respect to operation of the furnace 
and appeared to be adequately narrow from the 
standpoint of any significant effect that could be de- 
tected by chemical analyses. All temperatures were 
measured by platinum vs. platinum + 10 pet 
rhodium thermocouples encased in a silica sheath 
mounted in a water-cooled holder as shown in fig. 
2. The couples were calibrated against two standard 
thermocouples that were certified accurate up to at 
least 1575°C by the National Bureau of Standards. 
The calibration was also occasionally checked against 
the melting point of electrolytic iron (containing 
approximately 0.08 pct oxygen) in an alumina cru- 
cible, which was taken as 1530°C. 

To make a temperature measurement, the thermo- 
couple holder was lowered until the silica tube was 
plunged into the bath to a depth of approximately 
2 in. Except as described below, depth of immersion 
of the thermocouple in the bath had no observable 
effect on the temperature reading provided it was 
greater than 1 in. The thermocouple was maintained 
in this position until a constant temperature indi- 
cation was obtained on a direct-reading potenti- 
ometer. The time of immersion necessary for a relia- 
ble temperature measurement was on the order of 2 
min. As soon as the potentiometer reading reached 
a constant value, the thermocouple was withdrawn 
from the bath and raised to the highest possible po- 
sition in the furnace chamber, so that it would not 
interfere with sampling, and so that prolonged ex- 
posure of the thermocouple to high temperatures 
would be avoided. 

Contamination of the thermocouples by exposure 
to high temperatures in the presence of silica® was 
usually observed to be a slow process resulting in 
gradual deterioration of the couples. It was com- 
pensated for by frequent recalibrations. Occasion- 
ally, however, especially at temperatures above 
1600°C, deterioration of the couples was quite 
rapid, so that in the course of one run the observed 
temperatures might become as much as 25°C low. 

Fortunately, it was discovered that an error of 
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Fig. 3 (above left)—FeO 
Inclusions in Taylor 
sample of oxidized 
electrolytic iron. X500. 


Fig. 4 (below left) —FeO 
inclusions in sample 


of oxidized electrolytic 
iron with slightly slower 
quenching rate than in 
fig. 3. X500. 


Fig. 5 (top right) — 
Inclusion in Taylor 
2 : sample of electrolytic 


iron containing 0.066 pct 
* aluminum and 0.015 pet 
oxygen. X2000. Fig. 6 
(center right) —Inclusions : 
in same heat as shown : < 
in fig. 5 cast in 2-in. square at 
ingot mold; aluminum: 
0.035 pet, oxygen: 0.013 


: : pet. X500. Fig. 7 (bottom 
* a right) —Same sample as e 


more than 5°C in a contaminated thermocouple 
could be detected quite easily. With a couple con- 
taminated sufficiently to lower its reading more than 
5°C below the actual temperature, variation of tem- 
perature with depth of immersion was observed at 
depths considerably greater than the minimum 
necessary for a good couple. When a contaminated 
thermocouple was detected, it was immediately 
withdrawn from service for reconditioning and re- 
placed with one that had been newly calibrated. By 
employing thermocouples of known calibration for 
every run and by making frequent depth of immer- 
sion tests during the progress of a run, error due to 
thermocouple drift because of contamination was 
held to a minimum. It is considered that with few 
exceptions the temperature observations reported 
in the data tables are within —5°C of the actual 
temperatures, so that the total deviation from the 
nominal temperature was from —5 to +10°C. 


Sampling of Metal: Representative sampling of 
‘liquid metal is an important and difficult problem 
in investigating deoxidation phenomena. Since it 
has been convincingly demonstrated by Sims and 
Lilliqvist® and others’” that reaction during the 
cooling and solidification of molten iron tends to 
cause precipitation and segregation of nonmetallic 
phases, it is considered that the cooling rate of sam- 
ples should be as fast as possible. Although prac- 
tical cooling rates may not be sufficiently fast to pre- 
vent such precipitation, fast cooling should keep the 
inclusions small and minimize tendencies toward 


in fig. 5 after annealing 
for 1 hr at 1400°C. X2000. 


their rejection. In addition, if the cooling rate is 
sufficiently fast to suppress the formation of large 
inclusions, it removes the question of whether they 
were present as such in the liquid metal before 
solidification. If inclusions of significant size are 
present in such a rapidly cooled specimen they may 
be recognized in microscopic examination, but if the 
specimen contains no relatively large inclusions, it 
may be considered to represent the liquid metal for 
analytical purposes. 

For this investigation, the sampling device de- 
scribed by Taylor and Chipman”, which has since 
come to be known as the “Taylor sampler,” was 
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used. Essentially, this sampler is a heavy-wall, 
small-bore, copper suction-tube which gives a sam- 
ple that is solidified at a very high rate. Microscopic 
study of samples indicated that this device would 
fulfill the requirements discussed above. 

The effect of the Taylor sampler on the precipita- 
tion of inclusions is illustrated by fig. 3 to 7. Fig. 3 
illustrates FeO inclusions in a sample taken at ap- 
proximately 1650°C from an electrolytic iron melt 
saturated with oxygen. Fig. 4 shows similar inclu- 
sions in a large drop of metal that clung suspended 
to the tip of the sampler as the latter was withdrawn 
from the melt, so that the rate of cooling of this 
metal, although still quite rapid, was not so fast as 
that of the sample proper. The suppression of in- 
clusion growth resulting from the rapid quench is 
evident. 

Similar behavior is indicated by fig. 5 which illus- 
trates a sample taken at a temperature of approxi- 
mately 1650°C from a melt of electroyltic-iron to 
which aluminum had been added. Even at a magni- 
fication of 2000 diam, no oxide inclusions were vis- 
ible in spite of the fact that chemical analyses of 
the sample indicated the presence of 0.066 pct alumi- 
num and 0.015 pct oxygen. When this same heat was 
cast in a 2-in. square cast iron ingot mold, so that 
the freezing rate was relatively slow in comparison 
to the Taylor sample, the composition changed to 
0.035 pet aluminum and 0.013 pct oxygen, and in- 
clusions typical:-of aluminum-killed steel formed as 
shown in fig. 6. The sample illustrated in fig. 5 was 
annealed for 1 hr at 1400°C in an atmosphere of 
argon with a resultant formation of the inclusions 
shown in fig. 7. It is apparent that the rate of cooling 
of the Taylor sample effectively retards the precipi- 
tation and growth of inclusions. 

Not all of the samples taken during the study of 
the aluminum-oxygen equilibria were so free from 
visible inclusions as the one illustrated by fig. 5. 
Some of them occasionally contained minute inclu- 
sions more or less similar to those shown in fig. 7. 
Such observations, however, were considered not to 
be evidence of sample contamination but to be an 
indication of the extreme quenching rate necessary 
for the suppression of inclusion precipitation, a rate 
that could not always be achieved, even with the 
drastic quench of the Taylor sampler. 

Before being submitted to chemical analysis, all 
samples were carefully examined for defects that 
might cause erroneous analytical results, and if the 
defects could not be removed, the samples were dis- 
carded. The most troublesome defect was a type of 
skin lamination or cold shut that was particularly 
prevalent in samples taken at the lower tempera- 
tures from heats containing substantial amounts of 
aluminum or silicon. Manganese appeared to allevi- 
ate the condition. Slag contamination of the samples 
was encountered unless the slag volume was kept 
fairly small. Generally, these defects were fairly 
obvious, but in some instances they could be detected 
only by a macroetching treatment that was given 
all samples. 


Sampling of Slag: The low slag volumes that were 
found necessary for the successful conduct of the 
experimental runs made slag sampling difficult. 
Moreover, sampling was not improved by the fact 
that many of the slags, particularly those of the 
aluminum study reported in this paper, were solid 


under the conditions of the runs and were present 
as dry, frangible films on the surface of the metal. 
The sampling method that proved most effective 
was as follows: A clean, cold steel rod % to % in. 
in diam was lowered into the furnace through the > 
sampling hole until it just touched the surface of the 
heat. A small amount of slag, with or without some 
metal, would usually freeze to the tip of the rod. 
The rod was immediately raised until the tip was 
at the level of the argon inlet orifice, and the sample 
was cooled in the incoming stream of argon. When 
cool, the samples were pulverized in a steel mortar 
and then passed through a 100-mesh screen to re- 
move metal that had also frozen to the rod. Many 
of the slag samples were too small for reliable 
chemical analysis. Most of them, however, were 
suitable for X ray diffraction examination for identi- 
fication of the phases present. 


Analytical Methods: As has been pointed out by 
Chipman’ “, a major obstacle attending studies of 
deoxidation with aluminum has been the lack of a 
reliable analytical method for determining low con- 
centrations of aluminum in iron. The recent de- 
velopment of sensitive colorimetric methods for 
aluminum, however, has now materially lessened 
this handicap. 

The aluminum results reported herein were ob- 
tained by a spectrophotometric method using alum- 
inon as the indicator after removing iron and other 
interfering elements by means of cupferron. This 
method, which is applicable to aluminum contents as 
low as a fraction of a part per million, was developed 
by J. B. Culbertson and R. M. Fowler of the Union 
Carbide and Carbon Research Laboratories, Inc. The 
precision of the method may be inferred from a test 
that was made on carbonyl iron with the following 
results: 


Size of Sample Aluminum—Pct 


5.08 0.00122 

50.0 ¢ 0.00104 

100.0 g 0.00126 
Reagent blank 0.00006; 


Aluminum analyses were made on chips machined 
from the complete cross-section of the Taylor sam- 
ple. Total aluminum was determined, since it was 
considered that all of the aluminum present in a 
sample had been in solution in the liquid metal at 
the time the sample was taken. 

Analyses for oxygen were made by the conven- 
tional vacuum fusion technique which appeared to 
give results reproducible within + 0.001 pct oxygen. 
In preparation for vacuum fusion analysis, the sam- 
ples were macroetched in 50 pct HCl to eliminate 
all traces of scale or rust and to reveal any defects 
not already detected. Following pickling, they were 
washed with water, acetone, and ether and were 
then stored in a dessicator to await analysis. 

Slag samples were analyzed by the customary 
procedures and were X rayed by the powder diffrac- 
tion method using chromium radiation. In the study 
of aluminum, very few slag samples were of suffi- 
cient size or were sufficiently free from contamina- 
tion with finely divided particles of metal to warrant 
chemical analysis. All samples were X rayed, how- 
ever, with iron lines in the diffraction patterns being 
disregarded. 
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Experimental Procedure: The basic furnace charge 
consisted of approximately 15 lb of electrolytic iron. 
To facilitate charging and melting in the rotating 
furnace, it was found convenient to premelt the 
electrolytic iron and forge a slug fitting the rotating 
crucible. Composition of the electroyltic iron slugs 
as charged was as follows: 


Element Pet 
Carbon | 0.002 
Manganese 0.0006 
Phosphorus 0.0012 
Sulphur 0.010 
Silicon <=0.001 
Aluminum (soluble) 0.0002 
Aluminum (insoluble) 0.0005 
Copper Trace 
Nickel Trace 


For certain runs, it was desired to start out with 
a charge containing a high concentration of alumi- 
num. This aluminum was, therefore, incorporated 
in the electrolytic iron during the premelting opera- 
tion. 

When the charge in the rotating furnace had been 
melted, the temperature of the bath was adjusted to 
within + 5°C of the desired level and held constant 
for sufficient time to attain equilibrium. After an 


~addition of deoxidizer or ferric oxide, the heat was 


permitted to come to the new equilibrium before a 
sample was taken. The time interval varied from 
15 min to several hours but usually was about 30 
min. This cycle of addition and sampling operations 
was repeated throughout the duration of a run which 
lasted from 4 to 7 hr. In some cases, several suc- 
cessive samples were taken over a period of time 
with no additions in order to make sure that equi- 
librium was actually being attained. Additions were 
made in the form of high-purity aluminum welding 
rod, distilled manganese, refined silicon metal, and 
C.P. ferric oxide. 


Aluminum and Oxygen in Liquid Iron: The initial 
work in the rotating furnace was a study of the 
aluminum-oxygen equilibria in liquid iron. The ex- 
perimental results are listed in table I.* From these 


*For tables I, II, III, and IV (5 pages) order Document 2737 
from American Documentation Institute, 1719 N Street, N.W., 
Washington 6, D.C., remitting $0.50 for microfilm (images 1 in. 
high on standard 35 mm motion picure film) or $0.50 for photo- 
copies (6x8 in.) readable without optical aid. 


data, isothermal oxygen solubility curves were plot- 
ted as illustrated in fig. 8. It is evident that the data 
could be represented almost equally well by curves 
of somewhat different slopes from those shown. The 
curves, as drawn, appear to suggest that the metal 


was in equilibrium with pure solid Al,O;. Such an 


inference, however, is not supported by the evidence 
and is not intended to be implied. 
The point of origin at approximately 0.002 pct 


--aluminum and 0.08 pct oxygen of the 1600°C curve 


in fig. 8 is considered to be reasonably well estab- 
lished. It is the end point that was reached either 
by melting oxidized electrolytic iron in the alumina 
crucible or by adding iron oxide to a melt initially 


containing aluminum. The data are insufficient for 


locating this point at the other temperatures. 

The phases in contact with the liquid metal were 
studied qualitatively. A fairly large sample of the 
solid phase at low aluminum concentrations in the 
bath was obtained during a run in which a charge 


containing aluminum was oxidized down to the end 
point. The X ray diffraction pattern of this sample 
corresponded to that of iron-aluminum spinel. 
Chemical analysis gave the following results: 


Element Pet 


Aluminum 44.68 
Iron 21.70 
Oxygen 33.98 

Total 100.36 


which are calculated to correspond to a composition 
of 69.9 pct FeO.Al1.O, and 30.4 pct Fe,O,. The melt- 
ing point was determined to be 1700°C + 20°C. It 
is inferred, therefore, that at least through a limited 
range of aluminum concentration above the in- 
variant point the metal may be in equilibrium with 
an iron oxide-rich iron-aluminum spinel. During 
another run in which the end point was being ap- 
proached merely by melting a charge of oxidized 
electrolytic iron, a sample of the liquid slag phase 
was obtained. The sample was inadequate for chem- 
ical analysis, but X ray diffraction indicated it to be 
a mixture of FeO and FeO.Al.0;,. At aluminum 
contents in the metal on the order of 0.10 pct and 
over, X ray diffraction examination of the nonmetal- 
lic phases indicated mixtures of FeO.Al,O, and 
Al,Os. 

In view of the above observations, it seems prob- 
able that the true solubility curves may be more 
complex than indicated. The curves of fig. 8, how- 
ever, are considered to represent the order of magni- 
tude of the oxygen solubilities observed in this 
investigation. The results can be expressed approxi- 
mately by the equation: 


__ 58,600 


Log K = Log % Al’. % O* = a 


290.75. -Ofia 


in which T is the absolute temperature. This equa- 
tion represents a so-called ‘‘deoxidation constant” 
through the range of temperatures and compositions 
studied and is not considered to have any other 
significance. 

Apparently, the only previous laboratory study of 
the deoxidation of iron with aluminum reported in » 
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Fig. 8—Solubility of oxygen in liquid iron contain- 
ing aluminum. > 
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Fig. 9—Comparison of experimental aluminum 
deoxidation curves. 


the literature is that of Wentrup and Hieber*, who 
attempted to evaluate a deoxidation constant experi- 
mentally. These authors concluded that their results 
over the temperature range of 1600-1720°C could 
be expressed by the equation: 


Log K = Log % Al’ X %o OP == — TED 


+. 27.98.[2] 

In fig. 9, the present results are compared with 
those of Wentrup and Hieber calculated by means 
of Eq 2. It will be evident that, although they differ 
somewhat, they are of the same order of magnitude. 
Wentrup and Hieber measured temperature with a 
Bioptex color pyrometer which they assumed gave 
a direct reading of the true temperature of the 
liquid metal, and they quenched their samples by 
pouring a portion of their heats into a small mold. 
Presumably, much of the actual difference can be 
attributed to the different methods of temperature 
measurement employed in the two investigations and 
to a more rapid quench of the samples in the present 
study. 


Aluminum, Silicon, Manganese, and Oxygen in 
Liquid Iron: The solubility. of oxygen in liquid iron 
containing aluminum in the presence of silicon and 
manganese was also investigated to a limited ex- 
tent. Rotating furnace runs were made in which 
the manganese and silicon contents of the bath were 
held relatively constant, and the aluminum content 
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Fig. 10—Effect of 0.25 pct silicon on the solubility 
of oxygen in liquid iron containing aluminum. 


was varied. Only the 1600°C temperature range was 
covered by the experimental results, which are given 
in tables II, III, and IV.* By plotting the aluminum 


a See footnote on page 419. 


and oxygen contents of the metal for the silicon 
and manganese ranges indicated, the average oxygen 
solubility curves shown in fig. 10, 11, and 12 were 
obtained. In these figures the 1600°C curve already 
determined for aluminum, alone, is indicated for 
reference. 

In fig. 10, illustrating the effect of 0.25 pct silicon 
on deoxidation with aluminum, no curve has been 
drawn because none seems warranted on the basis 
of the data. The points at high aluminum contents 
appear to be within the range that would be ex- 
pected for aluminum, alone. The points at low 
aluminum contents, at the left of the diagram, al- 
though considerably below the aluminum curve, are 
at the oxygen level that was found” to be the limit 
of oxygen solubility for this amount of silicon in 
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Fig. 11—Effect of 0.46 pet manganese on the solu- 
bility of oxygen in liquid iron containing 
aluminum. 
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Fig. 12—Effect of 0.66 pet manganese and 0.27 pct 
silicon on the solubility of oxygen in liquid iron 
containing aluminum. 


the absence of aluminum. It is inferred, therefore, 
that the influence of silicon on deoxidation with 
aluminum is relatively minor. 

On the other hand, the curve of fig. 11, showing 
the effect of approximately 0.46 pct manganese on 
the aluminum-oxygen relation in molten iron, in- 
dicates that manganese substantially lowers the sol- 
ubility of oxygen below the limit observed for 
aluminum alone. Similarly, the curve of fig. 12 
for aluminum in the presence of 0.66 pet manganese 
and 0.27 pct silicon shows a lowering of the oxygen 
solubility beyond that indicated by fig. 11. In view 
of the results illustrated by fig. 10, however, it is 
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Fig. 13 (top left) — 
Reaction product 
extending from walls 
and bottom of crucible 
into metal bath. 


Fig. 14 (top right) — 

Effect of manganese 

on condition shown 
in fig. 13. 


Fig. 15 (bottom left)— 
Effect of silicon on 
condition shown 
in fig. 13. 


Fig. 16 (bottom right) — 
Effect of manganese 
and silicon on 
condition shown 
in fig. 13. 


considered that the additional reduction in oxygen 
solubility apparent in fig. 12 is due to the increased 
manganese concentration rather than to any ap- 
preciable influence of the silicon. 


Crucible Reaction: During the experimental runs, 
unusual difficulty in attaining equilibrium was ex- 
perienced because of what appeared to be exten- 
sive reaction between the liquid metal and the 
alumina crucible. Although it was worse at the 
lower aluminum concentrations (below approxi- 
mately 0.10 pct), the reaction persisted throughout 
the range of aluminum contents studied. 

It seemed to be characteristic of the reaction that 
if equilibrium were being approached by adding 
aluminum to a high-oxygen, low-aluminum bath, 
small additions of aluminum were not retained by 
the bath for any length of time until the aluminum 
content of the metal exceeded 0.10 pct. On the 
other hand, when the bath contained a relatively 
high aluminum concentration initially, excessive ad- 
ditions of ferric oxide were required to effect an 
incremental lowering of the aluminum content. In 
the latter case, the addition of ferric oxide was 
frequently observed to be followed immediately by 
an initial drop in the aluminum content of the metal 
‘followed by a slow increase until the new equilibri- 
um was reached. 

The reaction was accompanied by what appeared 
to be a growth of oxidic reaction products extending 
into the melt from the walls and bottom of the cru- 


cible. This condition is illustrated by fig. 13 which 
is a photograph of a bottom corner of the vertical 
cross section of a heat that was permitted to solidify 
in the crucible under slow rotation. When man- 
ganese and/or silicon were present in the bath, 
however, the deposition of nonmetallics on the cru- 
cible walls and bottom appeared to be greatly re- 
duced as shown by fig. 14, 15, and 16. Fig. 14 isa 
photograph similar to fig. 13 of a heat that con- 
tained 0.40 pct manganese; fig. 15 illustrates a heat 
that had a silicon content of 0.25 pct; and fig. 16 
shows a heat that contained 0.58 pct manganese and 
0.27 pct silicon. 

These reaction products extending out into the 
bath seriously interfered with the sampling of the 
metal. If the sampler were plunged too close to the 
walls or the bottom of the crucible, some of the 
reaction products would be broken off and drawn 
into the sampler with the liquid metal. Such con- 
tamination of the samples was readily detected by 
the microscopic examination to which all samples 
of this investigation were submitted before analysis. 
A micrograph of a polished section from a sample 
containing these reaction products is shown in fig. 
17. The strong resemblance to the typical oxide 
clusters usually observed in aluminum-killed steel 
is notable. The inclusions in the sample illustrated 
by fig. 17 were extracted electrolytically with the re- 
sult shown in fig. 18. Their appearance is strongly 
suggestive of a dendritic character. The residue 
illustrated in fig. 18 was identified by X ray diffrac- 
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Fig. 17—Reaction 
products trapped in 
Taylor sample. X500. 


Fig. 18—Inclusions 
extracted from sample 
shown in fig. 17. X500. 


z 


tion as a mixture of iron-aluminum spinel (FeO. 
Al.O; phase) and some AI,O,. 

A possible explanation of this reaction is suggested 
by the work of White”. From a careful study of the 
reduction curves of Schenck, Franz, and Willeke” 
and with consideration for the dissociation pres- 
sure relationships that must obtain, White deduced 
the schematic phase distribution shown in fig. 19 for 
the system Fe-Al-O. 2 

The implications of this diagram regarding reac- 
tions that may occur within a relatively small com- 
position range at low aluminum concentrations in 
the metallic phase are significant. In this connection, 
it is worthy of note that the composition and con- 
stitution of the nonmetallic phase observed in the 
present investigation to be in equilibrium with liquid 


metal phase at low aluminum concentrations, as 
described in a preceding section, appear to corres- 
pond approximately to White’s point A in fig. 19. 
The observations of spinel phase or mixtures of 
spinel and alumina at somewhat higher aluminum 
contents in the bath also appear to agree with the 
phase distribution suggested by White. This phase 
distribution may be modified by the presence of 
manganese and/or silicon. 

This crucible reaction strongly suggests that pure, 
solid Al,O;, cannot coexist with liquid iron of the 
composition studied. On the basis of the above dis- 
cussion, it is inferred that the solubility of oxygen 
in liquid iron containing aluminum within the range 
of steelmaking concentrations is limited by the 
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Fig. 19—Phase dis- 
tribution in system 
Fe-Al-O. 


After White.2! 


Fe 


formation of a phase or phases richer in iron oxide 
than Al1,O3;. 


Comparison with Theoretical Aluminum Deoxida- 
tion Curve: The curve generally employed for de- 
scribing the deoxidizing power of aluminum is the 
aluminum curve of fig. 1. This curve was derived 


by Chipman** from a thermodynamic calculation 
of the equilibrium constant of the reaction: 


Al,O, solid = 2 Al+30 


in which aluminum and oxygen dissolved in liquid 
iron were assumed to be in equilibrium with pure, 
solid Al,O;. In fig. 20, the present oxygen solubility 
results for a temperature of 1600°C are compared 
with this theoretical curve. It is apparent that the 
present results indicate an oxygen solubility ap- 
proximately 100-fold greater than that predicted by 
the calculation. 

One explanation of this apparent discrepancy has 
been given by Chipman in a recent publication” in 


which he pointed out that the thermodynamic cal-- 


culations give the activity and not the concentration 
of oxygen dissolved in the liquid metal, and that in 
systems such as this the activity coefficient of oxy- 
gen in the metal phase may be considerably less 
than unity. An alternative explanation is suggested 
by the observations of the present investigation, 
which indicate that liquid iron of the compositions 
considered here may not actually attain equilibrium 
with pure Al,O, as necessarily assumed for the 
calculations. Instead, the equilibria may be with 
phases of presumably higher oxygen activity than 
pure, solid A1,O.. 
Summary 


In order to study deoxidation reactions in molten 
iron, a rotating crucible induction furnace was con- 


—Aly O; 


Fe0-Al, O; 


PER CENT Al 


structed, and an experimental technique involving 
close temperature control and drastically quenched 
samples was developed, so that the isothermal solu- 
bility of oxygen in liquid iron containing one or 
more deoxidizers could be investigated. 

By means of this equipment and technique, de- 
oxidation curves for aluminum at 1550°, 1600°, and 
1650°C were obtained which, although oversimpli- 
fied, are believed to be representative of the order 
of magnitude of..oxygen solubility in liquid iron 
containing small quantities of aluminum. 

The results are at wide variance with the theo- 
retical curve of Chipman’, either because the theo- 
retical curve predicts the activity rather than the 
concentration of oxygen in the liquid metal, or 
because the metal phase is not actually in equilib- 
rium with pure, solid Al,O; as was assumed for the 
calculations. Throughout the range of aluminum 
concentrations investigated, the experimental melts 
could not be brought into equilibrium with the pure 
Al,O, crucible but appeared to react rather exten- 
sively with the crucible. It is inferred that in de- 
oxidation of iron with aluminum, the nonmetallic 
phases involved are not pure, solid Al,O; but are 
phases of compositions intermediate between AI,O, 
and iron oxide. 

Observations on melts containing manganese in 
addition to aluminum indicated that manganese 
greatly increases the deoxidizing power of alumi- 
num at concentrations within the usual steelmaking 
range. On the other hand, silicon appeared to have 
no significant effect on the deoxidizing power of 
aluminum. 
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Solubility of Oxygen in Liquid Iron 


Containing Silicon and Manganese 


by D. C. Hilty and Walter Crafts 


“Determination of the solubility of oxygen in iron containing silicon, or manga- 
nese, or both, has confirmed the earlier work on silicon, shown that manganese is 
more effective than expected, and has demonstrated that the combination of silicon 
and manganese is a much stronger deoxidizer than might have been inferred from 

their individual effects. 


ILICON and manganese are of primary impor- 

tance in the deoxidation of steel, and a study has 
been made at the Union Carbide and Carbon Re- 
search Laboratories, Inc. of the solubility of oxygen 
in iron in the presence of silicon and manganese, 
singly and in combination, as a basis for more 
effective control of inclusion formation. 

The investigation was carried out with the same 
equipment and experimental procedure that were 
used in the determination of the oxygen solubility 
of iron containing aluminum’. The heats were melted 
in a rotating crucible furnace under an argon at- 
mosphere. Bath temperatures were controlled by 
-platinum/platinum + 10 pct rhodium thermocouples 
to attain equilibrium at 1550°, 1600°, and 1650°C, 
‘so that oxygen solubility isotherms were determined 
- directly without requiring calculation from a tem- 
perature coefficient. A detailed description of the 
furnace and procedure is given in the paper on 
aluminum deoxidation’. 

Oxygen solubility in the presence of more than 
0.10 pet silicon was found to approximate earlier 
determinations closely, but some deviation was ob- 
served at lower silicon contents. Manganese appeared 
to be more effective than had been anticipated. The 
combination of silicon and manganese lowered the 
solubility for oxygen markedy as compared with 
either silicon or manganese alone. Although the 


solubility for oxygen in the presence of both silicon 
and manganese represents only a part of the in- 
formation needed to control inclusion formation, it 
suggests a partial explanation of the benefits of this 
combination that have been observed in practice. 
Manganese and Oxygen in Liquid Iron: The study 
of oxygen in iron in the presence of manganese was 
carried out in magnesia crucibles of the type fur- 
nished commercially for laboratory induction fur- 
naces. Alumina crucibles were unsatisfactory, be- 
cause the work on the aluminum-oxygen equilibria 
in iron’ had shown that merely melting iron in an 
alumina crucible limited the solubility of oxygen to 
a level considerably below that anticipated for mod- 
erate concentrations of manganese. Silica crucibles 
appeared unsuitable because of the dangers of exces- 
sive fluxing by the melt. Moreover, as will be shown 
later, melting iron in a silica crucible also limits 
the oxygen content below that in equilibrium with 
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Fig. 1—Solubility of oxygen in iron containing 
manganese. 


manganese, alone. It is presumed, on the other hand, 
that at steelmaking temperatures the influence of 
magnesia on the solubility of oxygen in the metallic 
phase of the iron-manganese-oxygen-system is quite 
small. 

Determinations of manganese contents of the bath 
were made by the conventional analytical method 
for manganese in steel. Analyses for oxygen in the 
metal were by vacuum fusion. The results obtained 
from samples taken during the experimental runs 
are listed in table I.* A plot of these data gave 


* For Tables I through VI order Document 2736 from American 
Documentation Institute, 1719 N Street, N. W., Washington, D. C.. 
remitting $0.50 for microfilm (images 1. in. high on standard 35 
mm motion picture film) or $2.20 for photocopies (6x8 in.) read- 
able without optical aid. 


the isothermal oxygen solubility curves shown in 
fig. 1. 

Most previous investigations’*,*° of equilibrium in 
the iron-manganese-oxygen-system, among which 
the work of Korber and Oelsen’ is outstanding, have 
been devoted to an evaluation of the equilibrium 
constant for the reaction of manganese dissolved in 
the liquid metal with iron oxide in the liquid slag 
as expressed by the equations: 


(FeO) + Mn = (MnO) + Fe [1]i 
__ % (MnO) 
how % (FeO) - % Mn [2] 


7 Conventionally, underlining of the symbols in a steelmaking 
reaction indicates that those substances are dissolved in the liquid 
iron, while parentheses indicate solution in the slag. 


Korber and Oelsen represented their results over 
a wide temperature range by the equation: 
6234 ; 
oetke.. = ar ae 3.03 [3] 
where T is the absolute temperature. 

Recently, Chipman, Gero, and Winkler® have re- 
calculated the free energy of Eq 1 from lately pub- 
lished thermodynamic data for the individual 
substances involved. By combining this result with 
a number of observations on experimental melts 
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Gero and Winkler 
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Fig. 2—Comparison of present manganese results 
with those of other investigators. 


under liquid FeO-MnO slags they have obtained the 
equation: 


Log ee = ae Sa 2.95 [4] 


In the present investigation an attempt was made 
to secure a check on the value of Ky, without suc- 
cess. The manganese slags were of such a nature 
that they would not remain well down in the rotat- 
ing cup of metal but crept up the walls of the cup 
toward the rim where they could not be sampled. 
When an effort was made to keep some slag on the 
surface of the cup by increasing the slag volume, 
it was found that the slag volume necessary was so 
large that it became chilled on the top surface and 
could not be considered representative of the true 
equilibrium slag; in addition, the large slag volumes 
caused extensive fluxing of the thermocouple pro- 
tection tube during temperature measurements, so 
that the samples obtained were excessively contam- 
inated with silica. Consequently, all of the results 
from these runs with high slag volume were dis- 
carded, and the attempt to determine the equi- 
librium constant, Ky,,, was abandoned. 

Both Korber and Oelsen’ and Chipman, Gero, and 
Winkler* made direct observations of the solubility 
of oxygen in the metal. From their data K6rber 
and Oelsen concluded that the oxygen content of 
the metal in this system is dependent solely on the 
iron oxide content of the slag according to the Nernst 
partition principle. They determined the partition 
coefficient: 


_% 0 
% (FeO) [5] 


over a range of temperatures, and by combining the 
result with Eq 3 they calculated deoxidation curves 
for manganese. Similarly, Chipman, Gero, and 
Winkler employed the partition coefficient, L,, de- 
rived from the work of Taylor and Chipman’ on the 
solubility of oxygen in pure iron, to calculate man- 
ganese deoxidation curves from Eq 4 representing 
their experimental results. At the higher manganese 


1 ieee 
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concentrations the calculation was modified to in- 
clude the assumption of a solid slag phase. 

In fig. 2 the results of the present study are com- 
pared with those of Korber and Oelsen and Chip- 
man, Gero and Winkler. It will be evident from fig. 
2 that the oxygen solubilities determined in this 
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investigation are of a totally different order of mag- 
nitude from those predicted by Korber and Oelsen. 
In view of the work of Taylor and Chipman’ and of 
Sloman’, however, the values-of the partition coeffi- 
cient, L., derived by Kérber and Oelsen and applied 
by them in calculating the solubility isotherms, ap- 


TRANSACTIONS AIME, VOL. 188, FEB. 1950, JOURNAL OF METALS—427 


pear to have been 40 to 50 pct too high. Moreover, 
it is probable that the temperatures reported by 
Korber and Oelsen were somewhat lower than the 
true temperatures, because the vapors of manganese 
and manganese oxides over their melts admittedly 
interfered with their optical pyrometer readings. 
At the higher manganese concentrations the in- 
creased rate of slope of the curves is probably in- 
dicative of the solid slag phase. The manganese 
content at which the slag changes from liquid to 
solid increases with temperature. Presumably, 
therefore, these curves should show inflections cor- 
responding to the points of isothermal invariant 
equilibrium. Apparently, however, the magnitude 
of the inflections is so small that it was beyond the 
sensitivity of the present study. Visual observations 
of the character of the slag during the various runs 
suggested that the transition might come at around 
0.10 pct manganese in the bath at 1550°C, approxi- 
mately 0.20 pct manganese at 1600°C, and in the 
vicinity of 0.60 pct manganese at 1650°C. These 
observations are in good agreement with what would 
be estimated from consideration of Eq 4 and the 
FeO-MnO diagram of Hay, Howat, and White’. 
The position of the 1600°C curve in relation to 
the curves for 1550° and 1650°C, as illustrated by 
fig. 1, is believed to reflect the disproportionately 
higher solubility of oxygen in pure iron at higher 
temperatures implied by the data as compared with 
the curve of Taylor and Chipman’ and the similarity 


Fig. 6 (upper left)— 
Type of inclusions 
present in metal- 
lographic specimens of 
heats containing 
1.75 pet, 0.17 pet, and 
0.14 pet silicon. 


Fig. 7 (upper right)— 
Appearance of silica 
globules extracted from 
heats represented 
by fig. 6. 


Fig. 8 (lower left) — 
Inclusions in metal- 
lographic specimen from 
near the center of a heat 
containing 0.14 pct 
silicon. 


Fig. 9 (lower right) — 
Inclusions extracted 
from specimen shown 
in fig. 8. 


of FeO and MnO which have been shown’,* to be 
completely miscible in all proportions in both the 
liquid and solid states. 

On the basis of these solubility curves, it is ap- 
parent that the deoxidizing power of manganese is 
considerably greater than has heretofore been as- 
sumed. 


Silicon and Oxygen in Liquid Iron: Since it was 
expected (c.f. Basic Open Hearth Steelmaking”) 
that the type of refractory in which the experimental 
melts were made might have a profound influence 
on the solubility of oxygen in liquid iron in the 
presence of silicon, the iron-silicon-oxygen equi- 
libria were studied in magnesia, silica, and alumina 
crucibles. The magnesia crucibles were similar to 
those employed for the investigation of manganese; 
the silica crucibles, also obtained commercially, were 
pure, vitreous silica; while the alumina crucibles 
were made up for the purpose’. A few alumina 
crucibles made commercially from alumina bonded 
with approximately 12 pct silica were also employed. | 

Silicon contents of most of the metal samples in 
the very low silicon range were determined by a 
modification of the highly-sensitive silico-molyb- 
date colorimetric method of Clausen and Roussopou- 
las* adapted for this investigation by R. C. Shubert 
and R. M. Fowler of these Laboratories. In the 
higher silicon ranges (above approximately 0.20 pet) 
analyses were by the conventional gravimetric 
method. Oxygen contents were determined by 
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vacuum fusion. Slag samples of sufficient size were 
analyzed by the customary procedures. All slags, 
however, were examined by X ray diffraction for 
identification of the phases present. 

Of the several attempts to evaluate a silicon de- 
oxidation constant experimentally, including the 
studies of Herty and Fitterer”, Kérber and Oelsen”, 
Zapffe and Sims”, Schenck and Briiggeman”, 
Derge”, and others, the investigation of Kérber and 
Oelsen™ has received the greatest attention. For the 
effect of temperature on the equilibrium constant of 
the reaction: 


S10, soa + 2 Fe = 2 (FeO) + Si [6] 


Korber and Oelsen expressed their results by the 
equation: 


Log Ks; = Log % Si: (% Fe0)}t 
+ 11.101 [7] 
which Chipman” has converted to: 
26,050 


Log Ks, = Log % Si (% Oo/= 


a 951 48) 


for the reaction of silicon with oxygen dissolved in 
the metal. The points of three-phase equilibrium 
at constant temperature, i.e., liquid metal in con- 
tact with liquid iron silicate slag and solid silica, 
representing the maximum oxygen and minimum 
silicon contents to which Eq 8 is applicable were 
reported by Korber and Oelson to be 0.084 pct 
oxygen and 0.002 pct silicon at 1550°C, 0.105 pct 
oxygen, and 0.003 pct silicon at 1600°C, and 0.13 pct 
oxygen and 0.006 pct silicon at 1650°C. Korber and 
Oelsen, however, made no truly isothermal study 
of oxygen solubility over a range of silicon contents. 

The experimental results obtained during the cur- 
rent investigation are given in tables II, III, and IV 
segregated according to type of crucible employed 
for the rotating furnace runs. From these data oxy- 
gen solubility curves were plotted for 1550°, 1600°, 
and 1650°C as illustrated by fig. 3, 4, and 5 in which 
the silicon deoxidation curves of Korber and Oelsen 
calculated by Eq 8 are also indicated for comparison. 

At first glance, it may appear that there is small 
justification for drawing the curves in the manner 
shown. Actually, each of the groups of data could 
be represented by single straight lines on these log- 
arithmic plots. Upon closer examination, however, it 
was found that the best single straight lines that 
could be drawn through the points not only showed 
less agreement with the data but were inconsistent 
with each other at the different temperatures. On 
the other hand, the remarkable degree of consistency 
with which the apparent break in the curves shows 
up at different temperatures, in different crucibles, 
and, as will be shown below, in the presence of 
manganese, cannot be ignored. Consequently, and 
‘in view of other considerations discussed below, the 
solubility curves of fig. 3, 4, and 5 have been drawn 
as two intersecting curves which fit the data quite 
well in comparison with the straight lines predicted 
by Korber and Oelsen. 

Above 0.10 pct silicon the slope of the curve is 
actually 2.13, but the results are fitted approximately 
by the equation: 


— 24/10 ya0Si 


It should be noted that this equation does not refer 


Log K = Log % Si- % O' = — 


Fig. 10 — FeO inclusions in heat con- 
taining 0.015 pet silicon. 


to an equilibrium constant but is considered to be 
a representation of an empirical silicon deoxidation 
constant for liquid metal in equilibrium with silica. 

Another unexpected result evident from fig. 3, 4, 
and 5 is the apparent lack of any significant effect 
of the crucible on the solubility of oxygen in liquid 
iron containing silicon except at very low silicon 
contents where a slight influence is indicated. By 
means of thermodynamics it has been predicted” 
that the deoxidizing power of silicon should be con- 
sideraby increased for iron melted in magnesia or 
alumina refractories, because the activity of SiO, is 
reduced by the formation of stable magnesium or 
aluminum silicates. It is apparent, however, that 
in the present experiments such a tendency was not 
observed. The small deviations of the magnesia and 
alumina crucible curves at very low silicon contents 
are in line with the observed effects of alumina and 
magnesia crucibles on the solubility of oxygen in 
liquid iron in the absence of additions of a de- 


. oxidizer’’. It is notable that the analytical and X ray 


results of slag samples listed in tables III and IV 
suggest that at silicon contents over approximately 
0.05 pet the slags from heats melted in alumina 
crucibles were saturated with silica, while those 
from a run made in magnesia were saturated with 
forsterite or enstatite. 

The exact significance of the apparent discontin- 
uities in the solubility isotherms could not be de- 
termined directly and can only be inferred. The ~ 
problem was investigated experimentally at some 
length, and a number of miscellaneous observations 
were made which, considered in toto, appear to sug- 
gest a reasonable explanation. 

The invariant points indicated by the breaks in 
the curves ought to correspond to points of three- 
phase equilibrium involving liquid metal, liquid 
slag, and solid silica. However, repeated tests in 
which plain electrolytic iron (containing oxygen) 
was melted in a silica crucible, or in which an excess 
of oxygen was added to a melt containing silicon 
gave a result at 1600°C of approximately 0.006 pct ~ 
silicon and 0.085 pct oxygen in the metal in fair 
agreement with the results of Kérber and Oelsen™ 
for liquid iron under a silica saturated slag. More- 
over, for the runs made in a silica crucible, both the 
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Fig. 11—Effect of manganese on the solubility of oxygen in liquid iron containing silicon at 1550°C. 


Fig. 12—Effect of manganese on the solubility of oxygen in liquid iron containing silicon at 1600°C. 
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Fig. 12 (continued)—Effect of manganese on the solubility of oxygen in liquid iron containing silicon at 1600°C. 


Fig. 13—Effect of manganese on the solubility of oxygen in liquid iron containing silicon at 1650°C. 
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chemical analyses and the X ray results of slag 
samples indicated the presence of excess silica in 
the slag at all silicon concentrations in the metal 
above this end-point. This was not true for runs 
made in alumina and magnesia crucibles (see tables 
Il, Ill, and IV). 

On the other hand, during the conduct of the ex- 
_ perimental runs in all crucibles it was observed that 
the indicated breaks in the oxygen solubility curves 
seemed to coincide with a visible change in the ap- 
pearance of the slag. At silicon contents below the 
breaks, the slag appeared completely liquid and 


formed a small puddle at the bottom of the rotating 
metal cup. At silicon contents above the breaks in 
the curves, the slag changed quite sharply to a thin, 
tough film that was either solid or of very high vis- 
cosity, and that completely enveloped the surface of 
the metal like a skin. When this scum was removed, 
as by sampling, a new film formed promptly. Sam- 
ples of this film invariably included a considerable 
amount of metal, so that chemical analyses of slags 
at the higher silicon contents could not be considered 
reliable. 

It was also observed during the making of the 
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‘Fig. 16—Solubility of oxygen in liquid iron containing manganese and silicon. 


runs that maintenance of equilibrium at silicon con- 
tents in the range between the breaks in the curves 
nd the end-point in a silica crucible was practically 
‘impossible under the conditions of this study. Left 
to themselves, melts in this range slowly lost sili- 
con and absorbed oxygen until the end-point was 
reached. At silicon contents above the breaks, how- 
ever, equilibrium could readily be maintained over 
a long period of time. 

As explained by Benedicks and Léfquist™ de- 
oxidation-type inclusions in steel are directly re- 
lated to the nonmetallic phases in equilibrium with 
the liquid metal at the time freezing begins. Ac- 
cordingly, at the conclusion of several of the runs 


in silica crucibles, the melts were permitted to 
freeze in the furnace under the argon atmosphere, 
and the inclusions in the solidified metal were 
studied. 

The inclusions in a polished section of a heat 
containing 1.75 pct silicon are shown in fig. 6. These 
inclusions were extracted electrolytically with the 
result illustrated by fig. 7. By means of refractive 
index measurements and X ray diffraction they 
were identified as globules of so-called ‘‘cristobalite 
glass.” Observations similar to these were made 
on heats containing 0.17 and 0.14 pct silicon respec- 
tively. 

In addition, a few unusual inclusions of the type 
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Fig. 17—Effect of manganese on deoxidation with silicon. 


shown in fig. 8 were observed in a specimen cut 
from near the center of the 0.14 pct silicon heat. 
The inclusions extracted from this specimen are 
illustrated in fig. 9. The spherical inclusions were 
the same as the silica globules described above, 
but the small, branched particles resembling ‘‘wish- 
bones” were identified as crystals of cristobalite. 
It is reasoned that the latter inclusions may be part 
of a metal — silica eutectic formed by the last 
liquid to solidify. 

The inclusions in a heat containing 0.015 pct 
silicon are shown in fig. 10. These were extracted 
electrolytically and identified by X ray diffraction 
as FeO. This same heat also contained a completely 
enclosed pocket or pipe cavity in which some of 
the precipitating nonmetallic phase had collected 
during solidification of the metal. By X rays this 
slag was observed to consist mainly of FeO with a 
trace of fayalite (2 FeO.SiO.). Chemical analysis 
gave a result of 87.0 pct FeO and 12.2 pct SiO.. 
These results of inclusion studies strongly suggest 
that metal containing silicon in excess of the con- 
centrations at the breaks in the oxygen solubility 
curves is saturated with silica, but that metal hav- 
ing silicon contents below the breaks in the curves 
is not. 

On the basis of the foregoing observations, it is 
inferred that the discontinuities in the isothermal 
oxygen solubility curves of fig. 3, 4, and 5 do ac- 
tually represent the invariant points of two-fold 
saturation at which the liquid metal is saturated 


with slag phase and solid silica phase. At higher 
silicon concentrations, the metal appears to be in 
true equilibrium with solid silica, but at lower sili- 
con contents the equilibrium is with a slag phase 
of variable composition — and, as suggested by 
heavy fuming at low silicon concentrations, pos- 
sibly relatively high vapor pressure — whose iden- 
tity in runs made in a silica crucible was obscured 
because of reaction with the crucible. 

It is notable that both Herty and Fitterer”® and 
Zapffe and Sims”, in their attempts to evaluate the 
silicon deoxidation constant for metal in equilib- 
rium with pure silica, also observed deviations from 
the theoretical oxygen solubility curve at approxi- 
mately the same silicon contents reported here. 
Herty and Fitterer attributed this to fluxing of 
SiO, inclusions by FeO so that the inclusions were 
not retained in the metal. Zapffe and Sims con- 
sidered it might be due to the formation of SiO. 

It is considered, therefore, that the curves of fig. 
3, 4, and 5 represent solubility isotherms for oxy- 
gen in liquid iron containing silicon, and that the 
inflections in the curves are the points of invariant, 
three-phase equilibrium. Consequently, at silicon 
contents above these points the metal is in equilib- 
rium with solid silica phase, and at lower silicon 
concentrations, the metal is in equilibrium with a 
liquid slag phase of widely variable composition. 
For practical purposes, at silicon concentrations 
over 0.10 pct the product of the silicon content of 
the metal and the square of the oxygen content 
may be regarded as constant. 
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Fig. 18—Comparison of deoxidizing powers 
at 1600°C. 


Manganese, Silicon, and Oxygen in Liquid Iron: 
Up to the present time no study of the solubility 
of oxygen in liquid iron containing both manganese 
and silicon but in the absence of silica saturation 
has been reported. Korber and Oelsen™ investi- 
gated deoxidation with manganese and silicon in a 
silica crucible with varying temperature and de- 
rived the equilibrium constant equation: 


% Si (% MnO)’ Sen 
15 K a aia — — 
este ereecna nn. of Nin T 
A AIST. P10} 


for the reaction: : 
SiO, soa + 2 Mn = 2 (MnO) + Si [11] 


The field of deoxidation so important to steelmak- 
ing in other than acid furnaces, however, does not 
appear to have been covered experimentally. In 
the present investigation, therefore, most of the 
experimental runs for the study of the manganese- 
silicon-oxygen equilibria in liquid iron were car- 
ried out in alumina crucibles, with a few runs be- 
ing made in magnesia. No changes in experimental 
procedure were involved. The experimental results 
are tabulated in tables V and VI. 

By plotting the oxygen and silicon contents of 
-the metal for various limited ranges of manganese 
concentrations, oxygen solubility isotherms were 
obtained as illustrated by fig. 11, 12, and 13. It is 
evident from these curves that, as in the case of 
silicon, alone, the effect of type of crucible is not 
great. There is a tendency for the oxygen solubili- 
“ties at very low silicon contents to be somewhat 
higher in magnesia crucibles than in alumina, but 
this is compatible with the observations reported 
above. For the sake of consistency, the curves have 
- been drawn principally with respect to the alumina 
crucible data. In presenting these data, aluminum 
concentration in the metal is considered so low as 
‘to be essentially without effect. 

It will also be evident that the discontinuities 
corresponding to the beginning of silica saturation 
are quite apparent in those curves where there are 


sufficient data to locate this point of three-phase 
equilibrium at constant temperature and manganese 
concentration. In those manganese ranges where 
the data were inadequate for establishing the break 
in the curve, it was located with the help of the 
curves of fig. 14. 

During the conduct of some of the experimental 
runs, reasonably accurate observations of the first 
appearance or of the disappearance of the persis- 
tent film considered to indicate saturation of the 
metal with silica phase, as described in the preced- 
ing section, were recorded in the heat logs. By 
plotting the silicon and oxygen contents of samples 
taken from the melts of various manganese con- 
tents immediately before and immediately after 
these observations, the curves of fig. 14 were ob- 
tained. The intersection of an oxygen solubility 
curve from fig. 11, 12, or 13 at any manganese con- 
tent with the appropriate temperature curve from 
fig. 14 corresponds to the invariant point at con- 
stant temperature and manganese content and is 
the break in the oxygen solubility curve. 

The manganese and silicon contents of the metal 
at these invariant points correspond to those cal- 
culated by Koérber and Oelsen™ by means of Eq 10 
for metal in equilibrium with silica-saturated slags. 
The present results are quite different from those 
of Korber and Oelsen, as shown in fig. 15. The tem- 
perature coefficient indicated in fig. 15 conforms 
to that observed for the effect of temperature on 
the manganese-oxygen equilibria shown in fig. 1. 

From the experimental curves of fig. 1, 3, 4, 5, 
11, 12, and 13, complete families of curves showing 
the effect of manganese on the silicon-oxygen equi- 
libria and the effect of silicon on the manganese- 
oxygen equilibria were constructed as illustrated 
in fig. 16. The dashed portions of these curves are. 
based on what appears to be a reasonable extrapo- 
lation of the experimental data. 

To illustrate the effect of manganese on deoxida- 
tion with silicon within the composition and tem- 
perature ranges of particular interest in normal 
steelmaking processes, the results of this study have 


TRANSACTIONS AIME, VOL. 188, FEB. 1950, JOURNAL OF METALS—435 


been plotted as shown in fig. 17. The pronounced 
effect of manganese in increasing the deoxidizing 
power of silicon, especially in the range of silicon 
contents usually considered for furnace deoxida- 
tion or blocking practices, is quite evident. For 
example, at 0.10 pct silicon in the bath, 0.25 pct 
manganese is indicated to improve the deoxidizing 
power of silicon by almost 30 pct, and 0.50 pct 
manganese nearly doubles it. 

In fig. 17, the boundary curves delineating the 
fields of silica saturation of the molten metal, as 
suggested by the results of this investigation, are 
also shown for the indicated manganese concentra- 
tions. It may be inferred that compositions lying 
to the right of these boundary curves, or whose 
solidification paths intersect the boundary curves, 
will precipitate solid SiO, on cooling. The effect 
of manganese in displacing these curves toward 
higher silicon contents, and thereby presumably 
reducing the tendency toward the formation of 
SiO, inclusions, is notable. 


Summary 


Determination of the solubility of oxygen in li- 
quid iron containing manganese has indicated that 
manganese is 50 to 70 pct more effective in limiting 
the oxygen solubility than has previously been con- 
sidered on the basis of the work of Korber and 
Oelsen’. 

The solubility of oxygen in liquid iron contain- 
ing silicon has been observed to agree fairly well 
with that reported by Korber and Oelsen™. It is 
indicated, however, that below a silicon content of 
approximately 0.05 pet the metal is no longer satur- 
ated with silica, and the oxygen solubility ceases 
to conform to the conventional deoxidation con- 
stant equation. 

Silicon and manganese in combination have been 
found to be very substantially more effective than 
either element individually. Within the usual range 
of steelmaking compositions, silicon in the presence 
of 0.50 pct manganese has been observed to be 
practically equivalent to.aluminum without man- 
ganese in limiting the oxygen content of steel. Man- 
ganese also appears to displace the region of silica 
saturation of the metal toward higher silicon and 
lower oxygen contents. 

From the results of this investigation and those 
presented in the aluminum paper’, fig. 18 has been 
prepared showing a comparison of the deoxidizing 
abilities of manganese, silicon, aluminum, and com- 
binations of these elements at 1600°C. 


Acknowledgments 


The authors wish particularly to acknowledge the 
guidance of John Chipman, Professor of Metallurgy, 
Massachusetts Institute of Technology, who was 
consulted throughout the course of the investiga- 
tion and generously contributed valuable sugges- 
tions and criticisms. } 

Acknowledgment is also due to A. B. Kinzel, 
President, Union Carbide and Carbon Research 
Laboratories, Inc. for his constructive and steadfast 
encouragement, and to L. V. Spangberg for the 
design and construction of the rotating furnace, 
R. M. Fowler, Chief Chemist, H. L. Hamner, and 
R. C. Shubert for chemical analysis, W. D. For- 
geng for X ray and metallographic examination, 


and particularly to J. J. Darby and J. J. Mikula for 
their wholehearted assistance in conducting the in- 
vestigation. 

Recognition should also be accorded to Electro 
Metallurgical Division, Union Carbide and Carbon - 
Corporation, for sponsoring a long-continued pro- 
gram on deoxidation and for permission to publish 
the results. 


References 


‘D. C. Hilty and Walter Crafts: The Solubility of 
Oxygen in Liquid Iron Containing Aluminum. Trans. 
AIME 188, 414. Jnl. of Metals, Feb. 1950. 


*F,. Korber and W. Oelsen: Uber die Beziehungen 
zwischen manganhaltigem Eisen und Schlacken, die 
fast nur aus Manganoxydul und Eisenoxydul bestehen. 
Mitt. K-W. Inst. f. Eisenforschung, Disseldorf (1932) 
14, 181-204. 


°C, H. Herty, Jr.: Chemical Equilibrium of Manga- 
nese, Carbon and Phosphorus in the Basic Open Hearth 
Process. Trans. AIME (1926) 73, 1107-1131. 


*P. Oberhoffer and H. Schenck: Theoretische und 
experimentelle Untersuchungen tiber die Desoxydation 
des Eisens mit Mangan. Stahl und Eisen (1927) 47, 
1526-1536. 


°H. Schenck: Introduction to the Physical Chemistry 
of Steelmaking. (translation) British Iron and Steel 
Research Association, London, 1945; cf. Einfiihrung in 
die physikalische Chemie der EHisenhuttenprozesse, 
Julius Springer, Berlin, 1932 and 1934. 


°J. Chipman, J. B. Gero, and T. B. Winkler: The 
Manganese Equilibrium under Simple Oxide Slags. 
Trans. AIME 188, 341. Jnl. of Metals, Feb. 1950. 


*C. R. Taylor and J. Chipman: Equilibria of Liquid 
Iron and Simple Basic and Acid Slags in a Rotating 
Induction Furnace. Trans. AIME (1943) 154, 228-245. 


°H. A. Sloman: Third Report of the Oxygen Sub- 
committee of the Committee on the Heterogeneity of 
Steel Ingots. Jnl. Iron and Steel Inst., London (1941) 
143, 311. 


°Phase Diagrams for Ceramists. Jnl. Am. Cer. Soc.: 
Part II, Nov. 1947. 


~ A. H. Jay and K. W. Andrews: Note on Oxide 
Systems Pertaining to Steel-Making Furnace Slags. 
Jnl. Iron and Steel Inst. London (1945) 152, 15-18. 


“ Basic Open Hearth Steelmaking. AIME, New York, 
1944, Chap. 16. 


“D. F. Clausen and H. D. Roussopoulas: The Molyb- 
denum Blue Reaction for the Determination of Silicon 
in Steel. Anachem News (1946) 6; 41-44. 


“C. H. Herty, Jr. and G. R. Fitterer: The Physical 
Chemistry of Steelmaking: Deoxidation with Silicon 
and the Formation of Ferrous Silicate Inclusions in 
Steel. U. S. Bur. Mines, Carnegie Inst. of Tech., and 
Min. and Met. Advisory Boards Coop. Bul. 36, Pitts- 
burgh, Pa. 1928. 

“F. Korber and W. Oelsen: Die Grundlagen der 
Desoxydation mit Mangan und Silizium. Mitt. K.W. 
Inst. f.d. Eisenforsch. Diisseldorf (1933) 15, 271-309. 

“C. A. Zapfle and C. E. Sims: Silicon-oxygen 
Equilibria in Liquid Iron. Trans. AIME (1943) 154, 
192-220. i 

* H. Schenck and E. O. Bruggemann: Untersuchungen 
uber die Chemie des sauren Siemens-Martin-Verfah- 
rens. Archiv. f.d. Eisenhtittenw. (1935-1936) 9, 543-553. 

“G. Derge: The Distribution of Oxygen Between 
Molten Iron and Iron Oxide-Silica Slags. Amer. Iron 
and Steel Inst., 1949, (Preprint). 


*C. Benedicks and H. Lofquist: Nonmetallic Inclu- 


’ sions in Iron and Steel. John Wiley and Sons, Inc., 


N. Y., 1931. 


436—JOURNAL OF METALS, FEB. 1950, TRANSACTIONS AIME, VOL. 188 


Titanium Binary Alloys 


by C. M. Craighead, O. W. Simmons, and L. W. Eastwood 


a Binary alloys of titanium with silver, lead, tin, nickel, copper, beryllium, boron, 
silicon, chromium, molybdenum, manganese, vanadium, iron, and cobalt were studied. 
One-half-pound ingots of the alloys were prepared in an arc furnace, employing a 
water-cooled copper crucible, an argon atmosphere, and a water-cooled tungsten 
electrode. The half-pound ingots were fabricated by forging at 1700°F in air to 
1/4-in. slab, followed by hot rolling at 1450°F to 0.060-in. sheet. Tensile proper- 
ties, minimum bend radii, hardnesses, response to heat treatment and aging treat- 
ment, and phase relationships were determined for these alloys. 


| ARLY in 1947, as one phase of the evaluation of 
materials for Air Force Project RAND, Battelle 
successfully arc melted Bureau of Mines titanium 
and obtained a few basic properties of unalloyed 
titanium and several titanium-base alloys. The low 
density, excellent resistance to corrosion, and high 
tensile properties of these materials stimulated a 
great deal of interest among metallurgists and de- 
signers seeking better materials of construction. As 
a result of this early work, Battelle, under contract 
with the Air Materiel Command, Wright-Patterson 
Air Force Base, has continued extensive studies of 
titanium alloys. The result of the first year’s work is 
described in three papers. The present one deals 
with binary alloys, the second with ternary alloys, 
and the third paper with quaternary alloys. 
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EASTWOOD are Assistant Supervisor, Research Engi- 
neer, and Supervisor, respectively; Battelle Memorial 
Institute, Columbus, Ohio. 
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Force Base, Dayton, Ohio. 

AIME New York Meeting, Feb. 1950. 

TP 2747 E. Discussion (2 copies) may be sent to 
Transactions AIME before Apr. 1, 1950, and is sched- 
uled for publication Nov. 1950. Manuscript received 
sOet. 14,1949. 


Melting Method 


The arc furnace for melting titanium and other 
- refractory metals was developed at Battelle Institute 
under Air Force Project RAND. During the present 
work, considerable improvement has been made in 
the design and operation of this furnace for making 
small ingots of titanium and titanium alloys. The 
improved furnace design is illustrated by fig. 1, 
which shows a cross-sectional view with the dimen- 
sions of various parts and their relationship to one 
another. The essential features of the furnace are 
the inert argon atmosphere, the water-cooled cop- 
per crucible, and the water-cooled tungsten elec- 


trode. The melting crucible is formed by spinning 
0.064-in. annealed copper sheet. A groove for an 
O-ring seal is spun into the flange of the crucible. 
A fiber gasket between the crucible flange and the 
water-cooled brass cover provides electrical insula- 
tion. The brass cover is fitted with a sight glass, an 
opening for the water-cooled electrode, and a tube 
through which the material is charged. Direct cur- 
rent is used for melting, with the positive electrical 
terminal connected to the water jacket and the 
negative terminal to the electrode. 

A typical heat is made in the new furnace as fol- 
lows: Approximately, 0.20 lb of titanium under 2 - 
mesh per in. and the alloy addition, if any is to be 
used, are placed in the bottom of the crucible. The 
cover is clamped on the crucible so that the O-rings 
make a tight seal. The remainder of the charge is 
placed in a glass bottle, and this is connected by a 
rubber hose to the charging tube of the furnace. The 
crucible and the charge are evacuated with a 
mechanical pump to a pressure below 50 mm of 
mercury, or less if desired, and held at this re- 
duced pressure for 5 min. Hot water is circulated 
through the jacket during the evacuation period to 
assist in outgassing the crucible. Following the 
evacuation, tank argon of 99.92-++ pct purity is 
flushed through the crucible for 5 min and then 
adjusted to give a positive pressure of 1 to 2 psi. 
During subsequent operation, an argon pressure 
regulator introduces only enough argon to compen- 
sate for the small leakage which occurs through a 
mercury trap. Re-evacuation and reflushing the 
melting chamber with argon produced a negligible 
reduction in contamination. 

Two 550-amp generators, connected in parallel, 
constitute the power source. Normally, about 800 
amp are used for melting alloys which are not ex- 
tremely refractory. The generators are set for 90 
v open circuit and 200 amp. The arc is struck and 
the electrode is withdrawn to produce an arc of 23 
to 26 v. This voltage is maintained while the elec- 
trode tip is moved slowly around a circle 1 in. 
smaller than the diameter of the ingot. The current 
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is then increased to 700 to 800 amp for a few min- 
utes until the charge is molten. 

The electrode is then withdrawn slightly while 
maintaining the arc, and a small portion of the 
charge is added through the charging tube in the 
cover. This portion is then melted in a manner simi- 
lar to that described previously.’ The procedure is 
repeated until the entire charge has been added 
and melted. The power is gradually reduced as the 
ingot solidifies. The generator is then shut off, the 
furnace is allowed to cool for 10 to 15 min, and the 
ingot withdrawn from the crucible. 

Fig. 2 illustrates two of these furnaces which are 
built and operated together, using a single power 
source. Using this method, one man can make five 
to six %-lb ingots of the easily melted titanium 
alloys per day. 

The contamination which occurs during the melt- 
ing operation is relatively small. For example, a 
button ingot of 50 g of Process A titanium was 
melted and kept molten for 5 min, using the normal 
operating procedure. The Brinell hardness of the 
ingot was 130. After remelting, this ingot had a 
hardness of 143; and after remelting again, the 
hardness had increased to only 160. These values 
indicate that only a small amount of contamination 
takes place during melting. 

Acid-leached titanium powder contains too much 
hydrogen to function satisfactorily in the arc fur- 


Fig. 2—View showing a small are furnace assem- 
bled for operation and one dismantled to reveal 
its various parts. 


A. Electrode (—) Q. Brass cover water leads 

B. Electrode counterbalance R. Clamps 

Cc. Electrode water inlet Ss. Insulating ring (micarta) 

D. Electrode water outlet T. O-ring 

E. Electrode power lead U. Copper crucible 

F. Electrode rubber sleeve Vv. Sponge rubber gasket 

G. Electrode tungsten tip W. Outer water jacket 

H. Charging tube X. Water controls 

I. Charging bottle (titanium) Y. Water flow manometer 

J. Charging bottle (alloy) Zz. Exit-water thermometer 

K. Sight glass 1. Voltmeter 

is Argon inlet 2. Ammeter 

M. Argon outlet and con- 3. Vacuum manometer 
nection to vacuum pump 4. General switch 

N. Argon regulator 5: Electric vibrator 

oO. Argon regulator gauge 6. Vibrator switch 

P. Brass cover 


nace. A rapid evolution of the gas causes excessive 
spattering. On the other hand, titanium sponge 
produced by vacuum distillation is too massive, and 
a careful crushing operation is required to prepare 
the material for the arc furnace. After some work, 
the best method of crushing the sponge was found 
to be as follows: A clean gyratory crusher was em- 
ployed and the hopper of the crusher was filled with 
dry titanium sponge which helped to force the stock 
between the crusher jaws where it was quickly 
crushed with a minimum of coining and abrasion. 
The crushed stock was then passed through a 3-mesh 
screen, and the oversize material was again run 
through the crusher. All but about 5 pct of the 
sponge would then pass through a 3-mesh screen. 
The material finer than 20 mesh is somewhat con- 
taminated and it is not used in the alloy work. 
Kighty per cent of the crushed titanium sponge lies 
between 3 and 20 mesh. After screening, this mate- 
rial is washed four successive times in methanol 


486—JOURNAL OF METALS, MAR. 1950, TRANSACTIONS AIME, VOL. 188 


Table I. The Effects of Thermal and Other Treatments on the Properties of Titanium Alloys? 


Tensile Properties 


Heat Mest = Tensile Elonga- Hardness 
=) Specimen Strength tion i 
No. ae g ion in (Center 
i) Treatment Condition No. psi 1 In., Pct VHN1 } 
A50072 As hot rolled Longitudinal 1 118,800 16.0 
specimens 2 x sees 14.0 
A50072 As hot rolled Transverse 1 a ieee au ao 
specimens 2 ‘A 145-800 15.0 237 (Trans.) 
A50072 | As hot rolled Longitudinal 1 ve 118/000 |, 150 oe 
ee ee EMG eg tise | ee 
¥ ay reek died 3 
A50072 Annealed % hr Longitudinal al ae 700,000 i 3 
in air at 1450°F specimens 2 100,000 18.5 
Z Avg. 
A50072 | Annealed ¥% hr Longitudinal 1 ee “922000 is 3 ee 
in air at 1450°F specimens — 2 93,300] 18.0 
surface ground Avg. 93, : 
A50072 Annealed 3 hr Longitudinal 1 2 oneaG iE 3 
in air at 1562°F specimens 2 108,000 15.0 
Avg. 102,800 15.0 221 
A50072 Annealed 3 hr Transverse 1 96,000 4.0 oan 
in air at 1562°F specimens 2 95,000 14.0 236 (Trans.) 
; Avg. 95,000 14. 
A50072 Air cooled from Longitudinal 1 e 105,000 aie p19) (Ones) Z 
1750°F specimens 2 A 100,000 13.5 
vg. 102,500 13, 
A50072 Quenched in water Longitudinal nl e 93,300 a aa 
from 1450°F specimens 2 93,800 21.0 
Avg. 93,600 21.5 
A5007? Quenched in water Longitudinal 1 e 106,700 18.0 a 
from 1562°F specimens 2 102,500 17.5 
Avg. 104,600 18.0 245 
A50072 Quenched in water Longitudinal 1 108,800 12.0 
from 1750°F specimens 2 109,400 12.0 
Avg. 109,100 12.0 241 
A50072 Annealed 3 hr in Longitudinal al 105,300 2.0 
eae anes specimens 2 108,000 7.0 
cold rolle pe Avg. 106,700 4.5 255 
A50072 Annealed 3 hr in Longitudinal a 100,000 17.0 
air at 1562°F, specimens 2 100,000 17.0 
cold rolled 20 pct, Avg. 100,000 17.0 221 
quenched in water 
from 1450°F 
A50083 As hot rolled Longitudinal 1 121,300 16.5 
specimens 2 121,300 17.0 
Avg. 121,300 17.0 267 
A50082 As hot rolled Transverse 1 126,300 16.0 
specimens 2 127,500 16.5 279 (Trans.) 
Avg. 126,900 16.5 301 (Long.) 
A50083 As hot rolled Longitudinal il 120,000 17.5 
specimens — 2 128,600 15.5 
surface ground Avg. 124,300 16.0 
A50082 Annealed % hr Longitudinal al 113,300 18.0 
in air at 1450°F specimens 2 106,700 18.0 
Avg. 110,000 18.0 258 
A50083 Annealed % hr Longitudinal L 112,100 17.0 
in air at 1450°F specimens — 2 112,100 17.0 
surface ground Avg. 112,100 17.0 
A50083 Annealed 3 hr Longitudinal Ay 112,000 16.5 
in air at 1562°F specimens 2 112,000 17.0 
Avg. 112,000 17.0 254 
A50083 Annealed 3 hr Transverse af 120,000 1325) 
in air at 1562°F specimens 2 120,000 Yfaay 266 (Trans.) 
Avg. 120,000 10.5 276 (Long.) 
A50083 Air cooled from Longitudinal 1 108,700 pe) 
1750°F specimens 2 110,700 13:5 
Avg. 109,700 13.5 235 
A50082 Quenched in water Longitudinal 1 110,700 20.5 
: from 1450°F specimens 2 113,300 18.0 
/ Avg. 112,000 19.0 264 
. A50083 Quenched in water Longitudinal 1 115,300 195 
Z from 1562°F specimens 2 113,300 18.5 
Avg. 114,300 19.0 260 
A50083 Quenched in water Longitudinal ip 117,300 11.0 
from 1750°F specimens 2 120,000 16.0 
Avg. 118,700 13.5 279 
A50088 Annealed 3 hr Longitudinal 1 114,700 9.0 
in air at 1562°F, specimens 2 116,000 10.0 
cold rolled 20 pet Avg. 115,400 9.5 285 
A50088 Annealed 3 hr Longitudinal 1 116,700 16.0 
in air at 1562°F, specimens 2 116,700 17.0 
cold rolled 20 pct, Avg. 116,700 16.5 274 
quenched in water 
from 1450°F 


Forming 

Charac- 

teristics 

Minimum Microstructure 
Bend Radii,! of Transverse 

In. Specimens 
Structure very fine, grain 
boundaries not devel- 
oped on etching. Car- 

3/16 bides not observed. 

3/16 
Grain size less than 
0.001 in. 

3/64 
Increase in thickness of 
surface layer, grain size 

3/16 about 0.001 in. 

3/32 
Acicular structure, grain 
size about 0.003 in. 

3/16 
Grain size about 0.001 
in. 

3/64 
Grain size about ‘0.001 
in. 

1/8 
Increase in thickness of 
surface layer, acicular 
structure, grain size 

3/16 about 0.002 in. 

Grain boundaries evi- 
dent in cold-rolled sheet, 
grain size about 0.001 

3/16 in., surface skin cracked. 

3/64 
Grain size about 0.002 
in., carbides fine. 

3/16 

3/16 

1/16 Grain size about 0.001 
in., carbides fine. 

1/8 Increase in thickness of 
surface layer, grain size 
about 0.001 in., carbides 
fine. 

1/4 Carbides relatively large, 
structure fine, appears to 
be 2-phase. 

3/16 

1/8 Carbides appear fine, 
grain size about 0.001 
in. 

1/8 Carbides fine, grain size 
about 0.001 in. 

3/16 Increase in thickness of 
surface layer, carbides 
somewhat larger than 
above, structure fine, 
appears to be 2-phase. 

3/16 Grain size about 0.001 
in., surface skin cracked 
from cold work. : 

1/8 


110-kg load. Avg of 5 readings—hardness readings taken at the center of the sheet normal to the direction of rolling and the surface 


unless indicated. 
2 Analysis of Heat A50! 
3 Analysis of Heat A50 
4Forming tests made on a specim 
a 75° included angle. Radius of forming tool progr 


est showing no evidence of cracking. 


55-lb ingots forged at 1700°F 
not ground before testing un 


by upsetting to % 
Jess otherwise indicated in Col. 3. 


07—0.14 pet C, 0.048 pct N, 0.91 pet W. 
08—0.38 pct C, 0.069 pct N, 0.48 pet W. 
en sheared 3 in. long by 0.5 in. wide. Specimen formed on an arbor press, 
essively decreased until failure was observed. The radius reported is the small- 


using a V-block having ~ 


-in. slab, ground, then hot rolled at 1450°F to 0.060-in. sheet. Surface of specimens 
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and dried at room temperature and then in a 
vacuum to 10 microns pressure. The material so 
produced represents a fairly ideal feed for the arc 
furnace. 

The alloy additions were made as follows: 


Element | Form Remarks 


-— = -| 


| Relatively little 
volatilization. 


Antimony 8-mesh shot 


Beryllium chips and titanium 
powder compacted into pel- 
lets, 5/16-in. diam by '% in. 
long 

99+ bismuth, 10- to 40-mesh 
powder 


Beryllium 


Dissolved readily 
without appreciable 
volatilization. 


Bismuth 


High-purity boron prepared | 
by decomposition of boron 
tribromide, granulated, mixed 
with titanium powder, and | 
pelleted as above | 
48- to 60-mesh graphite pow- 
der 

Chromium 10- to 20-mesh lumps of 
fused chromium containing 
0.45 pet Fe, 0.37 pct Si, —0.02 
pet Ni, 0.049 pct O, 0.0014 pct 
H, 0.011 pct N; or electrolytic 
chromium containing 0.04 pct 
Fe, 0.01 pct Cu, 0.015 pct S, 
0.01 pet C, 0.01 pct N, and 
0.31 pet O 

Cobalt Thin, electrolytic flakes con- 
taining 0.12 pct Fe, 0.2 pct 
Ni, 0.02 pet C 

Copper Clipped wire % to % in. long 
Iron 4- to 8-mesh particles of elec- 
trolytic iron 

Lead Lead shot 


Boron 


Carbon 


Dissolves readily. 


Approximately one- 
half was lost by 
volatilization. 
Manganese 3- to 30-mesh electrolytic 
manganese 

Molybdenum | Molybdenum foil 0.03 in. thick 
by % by % in. bent into S- 
shaped pieces and mixed with 
the titanium 


Nickel 48-mesh electrolytic nickel 
Oxygen 10- to 20-mesh granules of a 
4 pct oxygen master alloy 
prepared by melting 
Nitrogen 10- to 20-mesh granules of a 
4 pct nitrogen master alloy 
prepared by melting 
Silicon 8- to 20-mesh granules of 98+ High-purity amor- 
pet silicon, containing 1 pct phous silicon not 
iron added successfully. 
Silver 8- to 20-mesh 99.5 pct silver 
shot 
Vanadium 8- to 20-mesh granules of 
vanadium alloy containing 2 
pet Fe,.1 pet Al, 0.9 pet Si. 
0.1 pet C, 0.2 pet P, 0.04 pct 
Mn, and 93 pet V 
Zine Not added 
successfully. 
Magnesium Not added 
successfully. 


Method of Fabrication 


The 0.5-lb hemispherical titanium ingots pre- 
pared as described in the preceding section were 
first ground all over to remove defects and cold 
shuts on the ingot surface which had been in con- 
tact with the water-cooled copper crucible. The 
Brinell hardness of each ingot was then determined. 
The ingot hardness served as a rough measure of 
(1) the effect of the alloy addition, (2) any possi- 
ble inhomogeneity, and (3) in the case of unalloyed 
titanium, provided a measure of the contamination 
of the metal either from melting or as a result of 
the use of an unsatisfactory lot of titanium. When 
the hardness indicated a substantial degree of in- 
homogeneity, these ingots were remelted. 

The ingots, after grinding out surface defects 
preparatory to forging, were heated to 1700°F in air 
in a muffle furnace and forged from 1700°F, usually 
without reheating, by upsetting the ingots on edge 
to 0.25-in.-thick slabs. Heating to 1700°F required 
from 20 to 30 min, depending upon the number of 


ingots placed in the furnace. This procedure pro- 
vided a degree of reduction of about 35 to 1. 

In general, the titanium alloys forged very satis- 
factorily at 1700°F, and only a few compositions 
were discarded because of poor forgeability. Some 
edge cracking was observed at times, but this was 
invariably associated with defects which had not 
been properly ground out of the ingot surface prior 
to the forging operation. 

After forging, scale from the forging operation 
was removed by sandblasting, and surface defects 
and edge cracking were removed by grinding. The 
surface of the slab was ground all over before roll- 
ing it to sheet. This conditioning removed the sur- 
face contaminated by the atmosphere while the 
specimen was at 1700°F. The conditioned slabs 
were then heated in air to 1450°F and hot rolled, 
using reductions of 0.06 in. per pass until 0.064-in.- 
thick sheet was obtained. The sheet was reheated 
after each pass through the rolls. All of the alloy 
slabs rolled satisfactorily at 1450°F with very little 
evidence of edge cracking. 

In the as-hot-rolled condition, the titanium-alloy 
sheet had a thin brownish surface scale and a high- 
nitrogen layer, about 0.0005 in. thick. Measure- 
ments showed that the hardness gradient did not 
extend below the surface to a depth greater than 
0.001 to 0.002 in. Specimens heated for 1 hr at 
1700°F showed a hardness gradient only 0.005 in. 
in depth. 

The above fabricating procedure carried out on 
the 0.5-lb ingots resulted in a sheet approximately 
20 in. long by 3 to 4 in. wide. The rounded ends, 
being unsuited for test specimens, were removed 
and utilized for chemical analyses. 


Effects of Various Fabricating Techniques 


Early in the work, no information was available 
on the effects of various fabricating techniques. 
Likewise, there was no information on the effects 
of orientation of the specimen in relation to the 
direction to rolling, or on the effect of surface scale. 
Consequently, two 5-lb heats of low-alloy titanium 
were prepared and tested in various ways, as shown 
by the data in table I. The footnotes to the table 
contain the chemical compositions of the two alloys. 

On the basis of the data in table I, the following 
conclusions appear to be warranted: 


1. The best combination of strength and ductility 
of both alloys appears to be in the as-hot- 
rolled condition. 

2. The tensile and bend-test results are substan- 
tially the same in transverse and longitudinal 
directions. 

3. The high-nitrogen surface layer has had no 
appreciable effect on the tensile properties in 
either the as-hot-rolled or annealed conditions. 
This high-nitrogen layer, even when formed 
by heating for % hr at 1750°F, did not appear 
to have any significant effect. 

4. The properties are not significantly affected by 
the differences in heating temperature or by 
the quenching treatments employed. 

5. Cold working the annealed alloy did not pro-_ 
duce any increase in tensile strength but did 
produce a marked reduction in elongation. 
However, annealing after cold working re- 
stored the properties, indicating that the metal 


488—JOURNAL OF METALS, MAR. 1950, TRANSACTIONS AIME, VOL. 188 


SMOOTH 
SURFACE 


ONE REQ. OF BETH. OMEGA TOOL STEEL 


HARDEN TO Re 56 TO 60 
Fig. 3—Forming die for cold-bend test. 


had not been damaged by the cold-working 
operation. 


~ 6. Cold working probably would not be a suitable 
means of increasing the hardness and strength 
of titanium alloys. It is also probable that the 
cold-forming characteristics of titanium alloys 
would be relatively poor. 
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Fig. 4—Bend tools for 
cold-bend test. 
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Testing Methods 


Bend Test: The bend test, developed by the Rem- 
ington Arms Co., involved the use of forming dies 
shown by fig. 3 and 4. The specimens were bent 
through 105° by progressively decreasing the radius 
of the male die until cracking or failure occurred. 
Limited tests indicated that this procedure yields 
essentially the same results as those obtained with _ 
a single test strip for each male-die radius. The 
bend radii reported are the smallest values before 
cracking was observed. A 4%4-in. radius was the 
largest employed. If the bend radii are greater than 
Y% in., slight bend ductility is indicated by one_ 
asterisk and the absence of any bend ductility is 
indicated by two asterisks. 


Tensile Tests: As a result of the data in table I, 
all testing was carried out on material with the as- 
rolled skin intact. Tensile specimens were 3 in. 
long by 0.375 in. wide with a 0.25-in.-wide reduced 
section. The load was applied at a rate of 0.04 ipm. 
Since these specimens were not adapted to the use 
of a regular strain gauge, yield strengths were not 
determined. In a limited number of tests, where 
yield strength was of some interest, the SR-4-type 
electrical strain gauge was employed. Tensile tests 
were carried out on duplicate specimens and the 
average results are reported. 

In addition to obtaining tensile data on the as- 
hot-rolled sheet, data were also obtained on the 
material after heat treating for % hr at 1600°F and 
quenching in cold water. 
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Fig. 5-8—Typical structures observed in unalloyed process A metal. 


Fig. 5—Heat WC43 (unalloyed). 
0.02 pet C, 0.030 pet N, 0.05 pect W. Quenched from 1450°F in the q field. Equiaxed alpha is shown. 500X. 
Fig. 6—Heat WC43 (unalloyed). 
0.02 pet C, 0.030 pet N, 0.05 pct W. Quenched from 1600°F in the a + £8 field. Alpha plus transformed beta (acicular 
alpha) in grain boundaries are shown. 500X. 
Fig. 7—Heat WC43 (unalloyed). 


0.02 pet C, 0.030 pct N, 0.05 pet W. Quenched from 1650°F in the a + 6 field. Island of alpha (light) in a transformed 
beta acicular alpha matrix is illustrated. 500X. 


Fig. 8—Heat WC43 (unalloyed). 
0.02 pet C, 0.030 pct N, 0.05 pet W. Quenched from 1700°F in the £ field. Transformed beta (acicular alpha) is shown. 


Hardness Tests: The Vickers hardness was de- 
termined on the various alloys in the as-hot-rolled 
condition and after a solution heat treatment con- 
sisting of 4% hr in air, generally at temperatures of 
1450, 1550, 1600, 1650, 1700, and 1750°F, followed 
by quenching in cold water. In some of the early 
work, hardness was determined on specimens an- 
nealed 4% hr at 1450°F or 3 hr at 1550°F. 

The hardness was determined by using a 10-kg 
load, and the values reported are the average of 
at least five readings made on each specimen at the 
center of the cross section of the sheet taken at 90° 
to the surface and to the rolling direction. Early 
in the work, using Process A titanium sheet, hard- 
ness anisotropy of as much as 30 points was noted 
between measurements taken 90° apart in reference 
to the rolling direction. The hardness at the center 
of the cross section of the specimen was used in all 
of the work carried out to evaluate the response of 
the alloys to solution heat treatment. The center 


hardnesses were obtained by mounting the solution 
heat-treated transverse specimens of each alloy in 
bakelite. The center hardness was then determined 
90° to the surface and to the direction of rolling. 
Subsequently, these mounted specimens were used 
for metallographic studies. 

Because of the large number of hardness readings 
required for age-hardening studies, hardness meas- 
urements for this work were made on the surface 
after grinding below the high-nitrogen surface 
layer. 


Metallographic Studies: Specimens of each alloy, 
in the as-hot-rolled temper and after heat treat- 
ment in air for 4% hr at 1450, 1550, 1600, 1650, 1700, 


-and 1750°F, were mounted in bakelite for hardness 


and metallographic studies as described previously. 
A transverse specimen 3% to 1% in. long was cut for 
this study. After the center hardness was measured, 
as described previously, the mounted specimens 
were reground to remove the hardness impressions 
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and then given a metallographic polish. Two etches 
were used to reveal the structure of the polished 
specimens as follows: 1. 1.5 pct HF in water. 
2. 3.0 pct HNO; + 1.5 pct HF in water. 

The second etch was particularly useful for de- 
veloping the alpha-grain boundaries. 

The metallographic examination was carried out 
to provide information on the following: 1. The 
effect of the various additions on the alpha-to-beta 
transformation. 2. The establishment of the solu- 
bility of the added alloy in both beta and alpha 
titanium. 3. The identification of second phases, if 
any, present. 4. The development of a tentative 
phase diagram. 


Structures which could not be resolved by metal- 
lographic examination alone were also subjected to 
X ray diffraction studies to assist in the identifica- 
tion of the phases present. 

No difficulties with surface contamination oc- 
curred, since this was quite superficial, and the 
metallographic studies were made near the center of 
the specimen. Since the specimens were in the 
rolled condition before heat treatment, it is believed 
that equilibrium was closely approached by the 12- 
hr treatment at the temperature. However, the 
effects of time at temperature were not studied. 

Response to Heat Treatment: As indicated in the 
previous section, the response of titanium alloys to 
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Table II. Comparison of Properties of Titanium Alloys in the As-hot-rolled and Heat-treated 


Conditions’ 
d 
As-Hot-Rolled Heat Treated Heat Treate 
Composition, Pet Tempert 1600°F?, Air 1600°F°, Argon 
i i - i Elonga- 
1 Tensile Elonga- Tensile Elonga Tensile : 
Heat ae Strength,‘| tion, Pet |Strength,‘| tion, Pct |Strength,‘| tion, Pet 
Ne psi in 1 In. psi in 1 In. psi in 1 In. 
o. Intended re) N Ww 
2.5 64,100 34.0 
1 Unalloyed 0.05 Cu--0.09 0.023 0.10 64,600 21.0 58,300 2 , 
ee 2.5 Gi 2.12 Cu 0.06 0.024 0.65 109,900 13.0 110,300 10.0 103,800 Aue 
Wwc29 Unalloyed 0.15 Fe 0.02 0.026 0.28 85,200 21.0 75,000 20.5 71,100 fa 
WC36 2.5:Cu, 2.07 Cu 0.25 0.038 0.08 114,000 14.5 126,600 15.0 © 101,500 " 
0.25 C 
0 8.0 
2.0 Fe 2.20 Fe 0.05. 0.05 0.47 146,500 8.5 146,500 2:5 134,30 
wos 2.0 Fe, 2.14 Fe 0.19 0.024 0.68 125,000 10.0 125,000 17.0 127,900 8.5 
0.25 C Ae 
2.5 Mn 2.08 Mn 0.02 0.029 0.06 128,000 14.0 141,200 7.0 125,100 6. 
Wesn 2.5 Mn, 2.24 Mn 0.14 0.019 0.20 132,700 13.0 150,800 7.0 124,700 7.0 
0.25'C ha 
2.5 V. 2.38 V 0.03° 0.027 0.31 104,000 21.0 118,800 10.0 112,500 : 
ese 2.5 2.29 V 0.27 0.044 0.18 113,600 18.0 134,400 5.0 128,700 12.5 
0.25 C 
400 2.0 
WAB2 3.5 Cr 3.240 Cr 0,09 0.088 UL) 169,600 Te) 141,400 2.0 183, 
WABI 5.0iCr 4.78 Cr 0.09 0.118 0.20 182,400 7.0 106,300 1.0 93,300 bas 
WAB4 | 2.5 Cr, 2985 Cr e026 ee nOelao me Ona 171,200 8.0 165,700 3.0 145,000 A 
0.25 C 
WC15 5:0'Cr, 4.94 Cr 0.25 0.054 0.52 179,900 5.0 125,000 1.0 120,100 2.0 
0.25 C : 


1 As hot-rolled at 1450°F, tested with surface skin present. 


2Heat treated in air for % hr at 1600°F and quenched in cold water. 


Tested with surface skin present. 


8 As-fabricated skin ground off, heat treated % hr in argon at 1600°F, and quenched in cold water. ; 
4 Average of 2 longitudinal 14-ga specimens 3 in. long by 0.375 in. wide with a 0.250-in.-wide reduced section. A 

5Forged at 1700°F by upsetting 2%4-in. diam ingot on edge to 0.250-in. slab, then ground and hot rolled at 1450°F 
to 0.060-in. sheet—total reduction 35:1. 


Table III. Properties of Binary Titanium Alloys’ Prepared from Process A Metal Base (Group I Elements) 


Composition, Pct As-Hot-Rolled Temper! Heat Treated 1600°F?2 
Actual Tensile Elonga- Minimum Tensile Elonga- Minimum 
Heat| Intended Strength,?| tion, Pet Bend Radius,*| Strength,?| tion, Pct Bend Radius,° 
No. psi inlIn. | VHN¢‘ In. psi inlIn. | VHN‘ In. 
Cc N Ww 
Titanium-Copper Alloys 
WC21 | Unalloyed | —0.05 Cu 0.09 0.023 0.10 64,600 21.0 182 1/32 58,300 22.9 164 1/32 
WC29 | Unalloyed 0.15 Fe 0.02 0.026 0.28 85,200 21.0 196 3/32 75,000 20.5 169 3/64 
WwC24 Oe Cu 0.84 Cu 0.07 0.025 0.52 92,000 19.5 210 3/16 80,700 20.5 208 3/16 
WC23 2.0 CW 2.12 Cu 0.06 0.024 0.65 109,900 13.0 234 3/16 110,300 10.0 273 1/4 
WC22 5.0 Cu 4.34 Cu 0.06 0.028 0.05 107,400 9.0 242 3/16 138,300 4.0 322 S1/4 
WC52 5.0 Cu 4.85 Cu 0.02 0.033 0.01 115,300 13.0 251 3/16 149,500 a5) 326 1/4 
WG8l 1.0 Cu 88,400 20.5 199 3/32 81.300 14.5 193 1/4* 
WG70 | Unalloyed 77,800 23.5 180 3/64 66,600 23.5. 160 3/64 
WC101| Unalloyed 76,700 19.5 189 3/32 76,800 19.0 194 | 3/32 
| : | 
Titanium-Silver Alloys 
WC77 | Unalloyed 0.04 0.026 0.10 76,700 21.0 184 1/32 74,300 20.0 170 1/32 
wc94 1.0 Ag 0.87 Ag 0.03 0.085 0.18 79,000 20.5 197 3/32 76,700 20.0 177 3/32 
WC96 2.0 Ag 2.12 Ag 0.02 0.035 0.08 93,200 21.5 207 | 3/32 83,300 21.0 187 3/32 


1As hot rolled at 1450°F. 
2 Heated in air 4% hr at 1600°F and quenched ir cold water. 


8 Average of 2 longitudinal 14-ga specimens, 3 in. long by 0.375 in. wide with a 0.250-in. wide reduced section. Tested with the sur- 


face skin present. 


410-kg load. Hardness at the center of the cross section of the sheet 90° to the surface and to the rolling direction. 
5 Minimum bend radius without cracking on a single longitudinal specimen 3 in. long by 0.5 in. wide. Tested with the surface skin 


present. 


6 Forged at 1700°F by upsetting the 21%4-in. diam ingot on edge to 0.250-in. slab, then ground and hot rolled at 1450°F to 0.060-in. sheet. 


* Some ductility 


solution heat treatment in air for % hr at tempera- 
tures ranging from 1450 to 1750°F was followed by 
changes in Vickers hardness measured at the center 
of transverse specimens. 

The possibility that some of the alloys might re- 
spond to age hardening was studied by following 
the changes in Vickers hardness. When the aging 
studies were made by measuring the hardness after 
progressive intervals of time at the aging tempera- 
ture, the measurements were made on the surface 
after grinding off the high-nitrogen layer. 

The properties of several alloys were obtained in 
the as-hot-rolled condition, after heat treatment in 


air at 1600°F, and after heat treatment in argon at 
1600°F; the data are listed in table II. The alloys 
heat treated in air were tested with the as-fabri- 
cated skin present, whereas those heat treated in 
argon were surface ground prior to heat treatment. 
Again, it is evident that the best combination of 


~strength and ductility is obtained in the as-hot- 


rolled condition and that no appreciable benefit is 
obtained by heat treating in argon or removing the 
surface skin. Accordingly, all tests on the alloy 
development have been carried out on specimens 
with the as-fabricated skin present. 
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Table IV. Properties of Binary Titanium Alloys’ Prepared from Process A Metal Base 
(Group II Elements) 


Composition, Pct As-Hot-Rolled Temper! Heat Treated 1600°F2 
Tensile Elong., Minimum Tensile Elong., Minimum 
Strength,? Pet in Bend Strength,? Pectin Bend 
Heat No. | Intended Actual psi 1In. VHN: | Radius,° In. psi 1In, VHN¢‘ | Radius,5 In. 

WH107 | Unalloyed | 87,500 21.5 205 3/32 74,900 21.0 179 3/32 
WA226 5.0 Be 
WH103 1.0 Be 101,500 9.0 215 3/16 136,800 5.5 303  S1/4* 
WH102 2.0 Be 106,000 2.0 252 >1/4* 111,800 2.0 297 S1/4* 


1As hot rolled at 1450°F. 

2Heated in air % hr at 1600°F and quenched in cold water. 

8 Average of 2 longitudinal 14-ga specimens, 3 in. long by 0.375 in. wide with a 0.250-in. wide reduced section. 
Tested with the surface skin present. 

410-kg load. Hardness at the center of the cross section of the sheet 90° to the surface and to the rolling direction. 

5Minimum bend radius without cracking on a single longitudinal specimen 3 in. long by 0.5 in. wide. Tested 
with surface skin present. 


6 Too brittle to forge. 
7Forged at 1700°F by upsetting the 2%4-in.-diam. ingot on edge to 0.250-in. slab, then ground and hot rolled 


at 1450°F to 0.060-in. sheet—total reduction 35:1. 
* Some ductility. ’ 


Properties of Unalloyed Titanium Sheet Process A titanium sheet were as follows: 
During the course of this investigation, about 
_ forty 0.5-lb ingots of unalloyed Dupont Process A BIODERSY. pat ee a Average Maximum 
titanium were prepared, fabricated to sheet, and 
tested with the various series of alloys. The data on Bea erin th, erate rey erie 
these heats served for control and provided data on se os LRT a He He ane 


the uncontrolled variations which might occur in 
the base material. The minimum, average, and 
maximum mechanical properties of the unalloyed 


Analyses have been made on about 12 of the 38 
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heats. The results of these analyses showed the 
following: 

Carbon — 0.02 to 0.09 pct 

Nitrogen — 0.02 to 0.055 pct 


Tungsten — 0.04 to 0.46 pct 


The average Process A sheet contained 0.04 pct 
carbon, 0.031 pct nitrogen, and 0.24 pct tungsten. 
One heat was analyzed and found to contain 0.05 
pet copper. Two different heats contained 0.15 and 
0.14 pct iron. Undoubtedly, the copper is picked up 
from the copper crucible and a large portion of the 
iron is picked up during the crushing operations. 
Because of the tungsten electrode employed, this 
element is a normal contaminant of all the arc- 
melted ingots. At the time this work was done, a 
method of analyzing for oxygen was not available. 
Therefore, the degree of this contamination is not 
known. However, recent analytical results* indi- 


* Carried out at Naval Research Laboratory, Anacostia, Wash- 
ington, D. C 


cate that Process A titanium sponge contains about 
0.13 pet oxygen. The cause of the slight variation 
in mechanical properties of the unalloyed titanium 
sheet as noted above could not be established by the 
analytical work. In all probability, the largest un- 
known variable is the oxygen content of the metal. 

Heat treatment at 1600°F, which is generally in 
the alpha-plus-beta field, produces properties 
equivalent to those obtained on the annealed mate- 
rial. The minimum, average, and maximum proper- 
ties of Process A titanium sheet after solution heat 
treating the unalloyed material in air for % hr at 
1600°F were as follows: 


Property Minimum Average Maximum 
Tensile strength, psi 58,300 74,100 83,100 
Elongation, pct in 1 in. 12.0 19.3 26.0 
Vickers hardness 147 172 200 
Minimum bend radius, in. 1/32 1/16 3/16 


In general, a heat having high hardness in the 
as-hot-rolled condition also had hardness on the 
high side after heat treatment. This indicates that 
the high hardness is a function of composition and 
not of any possible residual cold work in the hot- 
rolled material. It may be further concluded from 
these data, as well as from the data on hardness 
after heat treating at 1450, 1550, 1600, 1650, 1700, 
and 1750°F and hardness data obtained after 
quenching from 1600°F and aging at 750°F, that 
unalloyed titanium does not respond to solution 
heat treatment or aging treatment. However, a 
slight increase in hardness does occur when the 
material is heated into the beta field, presumably 
because of the formation of acicular alpha instead 
of the equiaxed alpha which forms when the metal 
recrystalizes below the transformation temperature. 

Twenty-eight of the unalloyed heats, heat treated 
as described previously, were examined metallo- 
graphically to establish the transformation range. 
All of the unalloyed materials in the as-hot-rolled 
condition consisted of equiaxed alpha. When this 
material was heated into the alpha-plus-beta field 
and then into the beta field, larger quantities of 
transformed beta or acicular alpha were formed 
when the metal was cooled to room temperature. 


This is illustrated by the micrographs, fig. 5, 6, 7, 
and 8. 

Of the 28 unalloyed heats examined, 3 began to 
transform to beta at temperatures slightly under 
1450°F. Fourteen began to transform between 1450 . 
and 1550°F, and the remaining 11 began to trans-- 
form to beta between 1550 and 1600°F. Nineteen 
of the 28 unalloyed heats were all beta at a tempera- 
ture between 1600 and 1650°F. The remaining were 
completely transformed to beta at temperatures 
between 1650 and 1700°F. All of the heats of un- 
alloyed titanium transformed over a range in tem- 
perature rather than at a single temperature. Thus 
it appears that unalloyed titanium transforms over 
a range in temperature and a considerable variation 
occurs in the transformation range of the various 
heats. These variations in the transformation range 
are a direct result of the differences in the impurities 
in the unalloyed material. Small amounts of ele- 
ments such as oxygen, nitrogen, and tungsten have 
a very potent effect on the transformation range. 


Properties of Titanium Binary Alloys 


Binary Titanium-Copper Alloys: Table III con- 
tains the data on mechanical properties of the ti- 
tanium-copper binary alloys in the as-hot-rolled 
condition and after heat treating at 1600°F. Fig. 45 
is a graphical representation of the effects of copper 
on the tensile properties of the alloys in the as-hot- 
rolled condition. Fig. 9 shows the effect of copper on 
the transformation range, while fig. 10 shows the 
effect of various heat treatments on the hardness 
of the alloys. These figures show that the 4 or 5 
pet copper alloys are hardened appreciably when 
quenched from the beta field. As shown by the data 
in table III this treatment increases the tensile 
strength but markedly lowers the per cent elonga- 
tion. However, heat treatment of higher copper 
alloys may be more favorable. 

Fig. 11 and 12 show the response of the alloys to 
the aging treatments. The latter two figures show 
that the alloys containing 4.5 to 5 pct copper age 
harden slightly. Data not shown in the paper also 
indicate that these alloys in the as-hot-rolled con- 
dition age harden slightly. 

It may be concluded that copper does not produce 
binary alloys of titanium which have outstanding 
properties. 

Binary Titanium-Silver Alloys: Silver alloys 
were investigated only up to 2 pct silver. Data on 
the mechanical properties of these alloys are shown 
in table III and by fig. 45. Alloys containing up to 
2 pet silver do not respond favorably to heat treat- 
ment. Data not reproduced in the paper show that 
2 pet silver markedly raises the beta solvus line and 
lowers the alpha solvus line. Alloys containing up 
to 2 pet silver do not have outstanding properties, 
though higher silver contents may be somewhat 
better. 


Binary Titanium-Beryllium Alloys: Table IV con- 
tains the data on mechanical properties of titanium- 
beryllium binary alloys in the as-hot-rolled condi- 
tion and after heat treating at 1600°F. The data on 
the alloys in the as-hot-rolled condition are also 
illustrated by fig. 45. The solubility of beryllium 
in beta titanium at 1750°F is apparently between 1 
and 2 pet. The solubility of beryllium in alpha 
titanium, even at temperatures near the transforma- 
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Fig. 16—Tentative diagram showing transformation range of titanium—0 to 15 pct chromium alloys 
made from process A metal. 


1450 
to) 


ium near the transformation temperature appears 
to be less than 0.1 pct. None of the alloys was 
fayorably affected by solution heat treatment. Like 


tion range, is considerably less than 1 pct. The 1 
and 2 pct beryllium alloys were hardened and 
strengthened by a solution heat treatment at 1600°F, 


but at considerable sacrifice in ductility. It may be 
concluded that beryllium is not useful as a major 
alloying element in titanium, though it may prove 
to be useful as a minor addition to more complex 
alloys. 

Binary Titanium-Boron Alloys: Table V _ con- 
tains data on the mechanical properties of a few 


titanium-boron alloys in the as-hot-rolled condi- ° 


tion and after heat treating at 1600°F. The limit 


beryllium, it may be concluded that boron is not 
useful as a major alloying element in titanium, but 
it conceivably might be useful as a minor addition 
in more complex alloys. 

Binary Alloys of Titanium With Silicon, Tin, and 
Lead: The mechanical properties of the binary 
alloys of titanium with silicon, tin, or lead in the 
as-hot-rolled condition and after aging at 1600°F 
are listed in table VI. The data on the silicon alloys 


of solubility of boron in both alpha and beta titan- in the as-hot-rolled condition are graphically illus- 


Table V. Properties of Binary Titanium Alloys Prepared from Process A Metal Base (Group III Elements) 


Composition, Pct As-Hot-Rolled Temper* Heat Treated 1600°F2 Annealed 1450°F¢ 
Tensile |Elong., Minimum Tensile |Elong., Minimum Tensile | Elong., 

3 Strength,? | Pct in Bend Strength,’ | Pct in Bend Strength,7| Pct in 
Heat No. | Intended Actual psi 1 In. | VHN‘ | Radius,® In. psi 1In. | VHN!: | Radius, In. psi 1In. | VHN! 
WAO128 | Unalloyed 90,300 16.0 203 
WA259 0.1 B 4 94,700 19.0 245 
WH1078 |Unalloyed 87,500 21:5) 205 3/32 79,400 21.0 179 3/32 

~ WH1068 0.1 B — 98,300 13.5 214 >1/4* 88,800 15.0 205 3/16 
WH1058 * 0.25 B 90,700 16.5 204 3/16 82,800 15.0 192 3/16 
WH1048 0.50 B 95,100 13.5 218 3/16 88,000 13.5 201 3/16 


Saeed aie ie hr at 1800°F d hed in cold water 
2 in air rai * and quenched in cold water. : ‘ 
: ae panok 2 longitudinal 14-ga specimens, 3 in. long by 0.375-in. wide with a 0.250-in. wide reduced section. Tested with the sur- 
} if kin present. ; : : ; 
4 q0cke load.’ Hardness at the center of the cross section of the sheet 90° to the surface and to the rolling direction. | Sue 
5 Minimum bend radius without cracking on a single longitudinal specimen 3 in. long by 0.5 in. wide. Tested with surface skin 
resent. 
SAAneaied Y% hr in air at 1450°F and air cooled. 


if i inal 8-in. specimens with 0.5-in. reduced section. 14-ga sheet. : 
seed er aTdeer ries upsetting the 244-in. diam ingot on edge to 0.250-in. slab, then ground and hot rolled at 1450°F to 0.060-in, 


. Total reduction 40:1. f ry 
ceed at 1700°F by pancaking the 0.5-in.-thick ingot to 0.250-in. slab. Total reduction 8:1. 


* Some ductility. 
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Table VI. Properties of Binary Titanium Alloys Prepared from Process A Metal Base (Group IV Elements) 


Composition, Pct 


As-Hot-Rolled Temper+ 


Heat Treated 1600°F? Annealed 1450°F® 


Mini- Mini- : ; 
Actual Tensile | Elong., mum Tensile| Elong., mum Tensile |E ong., 
eer a St’gth,3| Pct in Bend |St’gth,3| Pct in Bend Strength,’ xe in eee 
i 1In. | VHN‘ | Radius,® si 1In. | VHN‘ | Radius,° psi n. 
Heat No. Cc N Ww psi n ba Pp ms 
Titanium — Silicon Alloys 
WAO0125 | Unalloyed ores te . ee 
WAT? 1:6 )S" ; 133,200 
WC868 _— | Unalloyed 91,300| 24.5 194 1/16 78,500| 24.0 167 1/16 
WC1168 0.5 Si | 0.44 Si 104,100} 17.0 236 3/16 89,700] 18.0 216 3/16 
wcii7s 1.0: Si |-0.93/Si 95,000} 14.0 239 3/16 93,500| 15.0 203 3/16 
WC1188 2.0 Si |'2.09 Si 122,700 9.0 239 ~1/4* |105,300} 10.0 228 3/16 
WC1198 3.0 Si | 2.84 Si 121,900 2.0 258 ~1/4* |104,700 5.0 245 SS 1/47 
Titanium — Tin Alloys 
WG708_ |Unalloyed 77,800| 23.5 180 3/64 66,300} 23.5 160 3/64 
WG768 0.10 Sn | 0.09 Sn 81,000} 22.5 189 3/32 69,400} 21.5 160 3/64 
WG745 0.25 Sn | 0.21 Sn 79,400} 21.5 191 3/32 66,900] 21.0 165 1/32 
WG758 0.50 Sn | 0.31 Sn 80,000} 21.0 184 3/64 67,500} 19.5 167 3/64 
WG778 1.0 Sn /} 1.08 Sn 84,400} 19.0 192 3/16 69,400} 24.0 169 3/64 
WG808 2.0°> Sn | 1.69 Sn 90,700} 20.5 187 3/32 78,800} 19.0 171 3/32 
Titanium — Lead Alloys 
WAO128 | Unalloyed 3 90,300 16.0 203 
WC438 Unalloyed 0.02 0.030 0.05) 75,000) 20.5 190 3/64 71,000| 23.5 172 3/64 
WA275 1.0% Pb 121,800 7.0 243 
woeosis 1.0. Pb:|:0.53 Pb ~.0.03 0.041 0.48 | 91,400) 19.5 199 3/64 81,100] 23.5 190 1/16 
WC47s 2D = Pibe || 1.26 ue bi :0:02 0.058 1.04 | 97,500} 19.0 211 3/32 97,500} 18.0 226 3/64 
WC45s 5.0 Pb |2.15 Ph 0.03 0.042 0.28 | 93,600} 20.0 207 3/32 87,900) 22.5 217 1/16 


1As hot rolled at 1450°F. 
2 Heated in air % hr at 1600°F and quenched in cold water. 


3 Average of 2 longitudinal 14-ga specimens, 3 in. long by 0.375 in. wide with a 0.250-in. wide reduced section. Tested with the sur- 


face skin present. 


410-kg load. Hardness at the center of the cross section of the sheet 90° to the surface and to the rolling direction. 


5 Minimum bend radius without cracking on a single longitudinal specimen 3 in. 


present. 
6 Annealed ¥% hr in air at 1450°F and air cooled. 


7 Average cf 2 longitudinal 8-in. specimens with 0.5-in. reduced section. 


long by 0.5 in. wide. Tested with surface skin 


14-ga sheet. 


8 Forged at 1700°F by upsetting the 2'%-in.-diam. ingot on edge to a 0.250-in. slab, then ground and hot rolled at 1450°F to 0.060- 


in. sheet. Total reduction 35:1. 


® Forged at 1700°F by pancaking the 0.5-in.-thick ingot to a 0.250-in. slab, then ground and hot rolled at 1450°F to 0.060-in. sheet. 


Total reduction 8:1. 
* Some ductility. 
} Very little ductility. 


trated by fig. 45. Metallographic examination indi- 
cates that the solubility of silicon in both alpha and 
beta titanium near the transformation range is 
somewhat less than 0.4 pct. Like boron and 
beryllium, silicon is not useful as a major alloying 
element in titanium, but might be useful as a minor 
addition to more complex alloys. 

Tin, at least up to 1.7 pct, appears to be soluble 
in both alpha and beta titanium. Up to this con- 
centration, it appears to have relatively little effect 
on the tensile properties or upon the transformation 
range. Neither are the alloys benefited by solution 
or aging heat treatments. 

Lead up to 2.1 pet appears to be soluble in both 
alpha and beta titanium near the transformation 
range. Lead up to this concentration, according to 
data not reproduced here, raises the beta solvus 
temperatures markedly and probably lowers the 
alpha solvus: temperatures slightly. The titanium- 
lead binary alloys investigated are not favorably 
affected by solution heat treatments and they did 
not respond to aging treatments. However, alloys 
containing higher lead contents are being investi- 
gated. 

Binary Titanium-Vanadium Alloys: Table VII 
contains data on mechanical properties of binary 
titanium-vanadium alloys in the as-hot-rolled con- 


dition and after heat treating at 1600°F. Fig. 45 
shows some of these data graphically, while fig. 13 
shows the effect of vanadium on the transformation 
range. Fig. 14 shows the effects of various heat 
treatments onthe hardness of the titanium-vana- 
dium binary alloy, while fig. 15 shows the substan- 
tial lack of response of the alloys to aging treat- 
ments. Vanadium produces moderate increases in 
strength with some sacrifice in ductility. It limits 
the alpha field at high temperature and markedly 
reduces the beta solvus temperature. The alloys do 
not respond appreciably to solution or aging treat- 
ments. However, alloys containing higher vanadium 
contents merit investigation. 

It may be concluded from these data that vana- 
dium is a fairly useful alloy addition to titanium. 

Binary Alloys of Titanium With Antimony and 
Bismuth: Table VII contains some data on the me- 
chanical properties. of alloys containing small 
amounts of antimony or bismuth. The data are in- 
sufficient to permit an evaluation of these systems. 
Further studies are being made. 


Binary Titanium-Chromium Alloys: Table VIII 
contains data on the mechanical properties of 
titanium-chromium binary alloys in the as-rolled 
condition and after heat treating at 1600°F. A 
small amount of data is also available after heat 
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Table VII. Properties of Binary Titanium Alloys Prepared from Process A Metal Base (Group V Elements) 


Composition, Pet As-Hot-Rolled Tempert Heat Treated 1600°F2 Annealed 1450°F¢ 
: Mini- Mini- 
Actual lteet ae eee mum | Tensile |Elong., mum Tensile |Elong. 
r’gth,3} Pct in Bend |Str’gth,?| Pct in Bend | St th,7 in 
Hast(No. t > é t en rength,’| Petin 
eat No.| Intended Cc N WwW psi 1In. | VHN* esi a psi 1In. | VHN! naainee psi 1In. | VHN‘+ 
. n, 
Titanium — Vanadium Alloys 
WC678 | Unalloyed 0.04 0.024 0.35] 80,700] 24 
WAoI2s ectiones ; 24.0 186 1/16 75,000 | 22.0 188 1/16 BE as oe 
10 V { : 
wc74s 1.0 V |0.83 VV 0.04 0.032 0.24] 91,700] 19.0 | 203 | 1/16 96,300 SS a a 
0 ; ; ; ; ‘ 14.0 234 1 
ae 2.5 V |2.38 V 0.03 0.027 0.31] 104,000] 21.0 237 | 3/16 118,800 | 10.0 | 260 ae 
68 5.0 V |4.74 V 0.06 0.031 0.41| 138,800] 10.0 294 | 3/16 | 141,300 2.5 322 | >1/4* 
Titanium — Antimony Alloys 
WG708 Unalloyed 77,800} 23.0 1 
WAO128 | Unalloyed : mele an AS ara a age ee 90,300 | 16.0 503 
WA299 0.1 Sb i : 
; 87,100 : 
WaG5es 0.1 Sb | 0.06 Sb 81,900] 21.5 195 | 3/16 67,200 | 26.5 170 3/64 as laps 
WG56 0.25 Sb | 0.14 Sb 79,400| 21.0 186 | 3/32 66,300 | 23.0 155 3/64 
WG608 0.50 Sb |0.12 Sb 86,300 | 21.5 200 | 3/32 65,700 | 23.0 168 3/64 
Titanium — Bismuth Alloys 
WG708 |Unalloyed 77,800 | 23.0 180 | 3/64 |- 66,300 | 2 
WAO128 |Unalloyed : Seen ve | 90,300 | 16.0 | 203 
WA308 0.08 Bi 98,100 15.0 243 
WG64 0.10 Bi | 0.11 Bi 80,400 | 21.0 201 | 3/64 67,400 | 22.0 162 1/32 
WG618 0.25 Bi | 0.27 Bi 79,400 | 22.0 175 | 3/64 66,600 | 20.5 154 3/64 
WGe658 0.50 Bi |0.29 Bi 68,400 | 20.5 186 | 3/64 65,000 | 21.5 168 3/64 


1As hot rolled at 1450°F. 
2 Heated in air % hr at 1600°F and quenched in cold water. 


8 Average of 2 longitudinal 14-ga specimens, 3 in. long by 0.375 in. wide with a 0.250-in. wide reduced section. Tested with the sur- 
face skin present. : 


410-kg load. Hardness at the center of the cross section of the sheet 90° to the surface and to the rolling direction. 

ue bend radius without cracking on a single longitudinal specimen 3 in. long by 0.5 in. wide. Tested with the surface skin 
present. 

6 Annealed % hr in air at 1450°F and air cooled. 

7 Average of 2 longitudinal 8-in. specimens with 0.5-in. reduced section. 14-ga sheet. 

8 Forged at 1700°F by upsetting the 2%-in.-diam ingot on edge to a 0.250-in. slab, then ground and hot rolled at 1450°F to 0.060-in. 
sheet. Total reduction 35:1. 

® Forged at 1700°F by pancaking the 0.5-in.-thick ingot to 0.250-in. slab, then ground and hot rolled at 1450°F to 0.060-in. sheet. 
Total reduction 8:1. ; 


treating at 1750°F and annealing at 1450°F. As 
indicated previously, two different sources of 
chromium were employed, the fused chromium 
which is relatively low in oxygen and nitrogen and 
electrolytic chromium which is relatively high in 
oxygen’ and nitrogen. The electrolytic chromium 
was used to prepare the heats on which a nitrogen 
analysis was made as listed in table VIII. In gen- 
eral, the low-chromium alloys prepared with elec- 
trolytic chromium produce higher tensile properties 
than the alloys prepared with fused chromium. The 
effects of chromium on the properties of the alloys 
in the as-hot-rolled condition are shown by fig. 45. 

Fig. 16 shows the effects-of chromium on the 
transformation range and illustrates the very 
marked limitation of the alpha field produced by 
the chromium addition and the lowering of the beta 
solvus temperatures. Fig. 17 to 20, inclusive, illus- 
trate typical structures of titanium-chromium alloys 
given various treatments. 

As with most other titanium alloys, and as shown 
by fig. 21, increases in hardness are obtained by 
quenching from higher temperatures, particularly 
from the beta field. These increases in hardness are 
quite marked for the 10 pct chromium alloys. As 
shown by the data in table VIII, quenching from 
1600°F did not have an overall beneficial effect on 


the tensile properties. However, since the 5 to 10 
pet alloys do harden by quenching from the beta 
field, useful heat treatments might be developed. 
As shown by fig. 22, the higher chromium alloys 
age harden quite markedly, even when they are in 
the hot-rolled condition; presumably, this age 
hardening is a result of the decomposition of re- 
tained beta. Five per cent chromium alloys in the 
as-hot-rolled condition age harden only slightly. 
It may be concluded from this investigation that 
very good properties can be obtained from titanium- 
chromium alloys, particularly when some oxygen or 
nitrogen is present. Thus, alloys in the as-hot-rolled 
condition and containing 4.8 pct chromium and 0.12 
pet nitrogen produced the following properties: 


Tensile strength, psi 182,000 
Elongation in 1 inch, Pct 7 
Vickers hardness 356 
Minimum bend radius, in. 3t 


Binary Titanium-Molybdenum Alloys: Table VIII 
contains data on the mechanical properties of titan- 
ium-molybdenum binary alloys in the as-hot-rolled 
condition and after heat treating at 1600°F. The 
effect of molybdenum on the mechanical properties 
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Fig. 17-20—Typical structures observed in binary titanium-chromium alloys made from process A 


metal. 


Fig. 17—Heat WG86, 2.17 pet Cr. 
Quenched from 1450°F in the a -+ f field. The alpha phase is distributed in a beta matrix which transformed to alpha 


during the quench. 500X. 
Fig. 18—Heat WG86, 2.17 pet Cr. 


Quenched from 1550°F in the q + £ field. Islands of alpha are distributed in an acicular alpha (transformed beta) 


matrix. 


500X. 


Fig. 19—Heat WG86, 2.17 pct Cr. 


Quenched from 1600°F in the £ field. Acicular alpha formed by transformation of beta during the quench. 500X. 


Fig. 20—Heat WC79, 10.0 pet Cr (nominal). 


Quenched from 1600°F. This micrograph shows untransformed beta. 500X. 


of the as-hot-rolled alloys is represented graphi- 
cally by fig. 45. 

Fig. 23 graphically represents the effect of molyb- 
denum on the transformation range and also illus- 
trates the restriction to the alpha field. Fig. 24, 25, 
and 26 show typical structures of titanium-molyb- 
denum alloys after various treatments. As shown 
by the data in table VIII, the tensile properties of 
the titanium-molybdenum binary alloys are not 
favorably affected by solution heat treatment from 
1600°F. Hardness tests after heat treating at 1450, 


1550, 1600, 1650, 1700, and 1750°F showed that — 


little or no increase in hardness occurred as the 
result of quenching from the beta field. These 
data are graphically illustrated by fig. 27. This 
hardness increase is believed to be the result of the 
formation of acicular alpha instead of the usual 


equiaxed-type of alpha formed by recrystallization 
in the alpha field. 

Ailoys containing up to 5 pct molybdenum do 
not respond appreciably to solution treatment, 
though alloys of higher molybdenum content may 
respond more favorably. Fig. 28 shows the response 
of the various alloys to aging treatments after 
quenching from 1450 and 1750°F. These data show 
that an increase of 70 Vickers numbers occurs in 
the 5 pct molybdenum alloy after quenching from 
1450°F. Slight increases in hardness also occurred 
when the 5 pct molybdenum alloys in the as-hot- 
rolled condition were aged at 750°F for 2, 4, and 
8 hr. é 

It may be concluded that molybdenum is a 
favorable alloy addition to titanium, and that its 
effects on the properties are similar to those ob- 
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Fig. 22—Effect of aging as-hot- 
rolled titanium-chromium alloys 
at 752°F, prepared from process 


A metal. 
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a: 1650 Fig. 23—Tentative dia- 
re gram showing trans- 
id formation range of 
Fa titanium—0 to 5 pet 
es 1600 molybdenum alloys 
W 
a made from process A 
= , metal. 
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1550 
1500 
1450 
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24 25 
Fig. 24-26—Typical structures observed in binary 
titanium-molybdenum alloys made from process 
A metal. 
Fig. 24—Heat WCS83, 1.86 pet Mo, 0.07 pet C, 0.051 
pet N, 0.11 pet W. 
Quenched from 1550°F in the qa +6 field. Photograph shows 
islands of alpha in an alpha matrix, which transformed from 
26 _beta during the quench. 500X. 


Fig. 25—Heat WC83, 1.86 pct Mo, 0.07 pet C, 0.051 
S pet N, 0.11 pet W. 


Quenched from 1600°F in the q + £ field. Islands of alpha 
are distributed in an acicular alpha (transformed beta) 
matrix. 500X. . 


Fig. 26—Heat WC83, 1.86 pct Mo, 0.07 pet C, 0.051 


pet N, 0.11 pet W. 


Quenched from 1700°F in the £6 field. Photograph shows 
acicular. alpha, which transformed from _ beta during the 
. quench. 500X. 
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Table LX. Properties of Titanium Binary Alloys’ Prepared from Process A Metal Base 
Group VII Elements 


Composition, Pct As-Hot-Rolled Temper! Heat Treated 1600°F? 

Tensile | Elong., Minimum Tensile | Elong., Minimum 
SONS Strength,3 | Pct in Bend Strength,? | Pct in Bend 

Heat No.| Intended Cc N w psi 1In. | VHN! | Radius, In. psi 1In. | VHN‘ | Radius,’ In. 

Titanium-Manganese Alloys 
WH48 | Unalloyed 87,500 22.5 203 3/64 76,900 16.5 179 3/16 
WC43 | Unalloyed 0.02 0.030 0.05 75,000 20.5 190 3/64 71,000 23.5 172 3/64 
WC63 1.0 Mn/1.0 Mn 0.02 0.034 0.16} 101,700 16.0 221 3/32 109,500 15:5 251 3/16 
wc44 2.5 Mn/2.08 Mn 0.02 0.029 0.06} 128,000 14.0 253 3/32 141,200 7.0 316 1/4 

WC41 5.0 Mn]/]4.37 Mn 0.04 0.042 0.05 | 157,900 7.5 303 1/16 147,200 2.0 413 als 
WH53 1.75 Mn 113,600 14.0 251 3/16 118,500 5.5 266 >1/4* 
WH81 2.5 Mn 141,200 10.5 270 3/16 141,700 1.0 343 SL /4* 
WH80 3.5 Mn 145,100 11.0 363 3/16 86,400 0.0 348 >1/47 
WH78 5.0 Mn 162,800 6.5 315 3/16 140,700 1.0 397 >1/4+ 
WH82 7.5. Mn 196,800 2.5 384 >1/4* 100,700 1.0 386 >1/4F 
WH57 | 10.0 Mn 177,400 5.0 394 >1/4t 142,000 3.5 362 == 1/a* 


* Some ductility. 

7 Very little ductility. 

1As hot rolled at 1450°F. 

2Heated in air % hr at 1600°F and quenched in cold water. 

8 Average of 2 longitudinal 14-ga specimens, 3 in. long by 0.375 in. wide with a 0.250-in. wide reduced section. Tested 
with the surface skin present. 

410-kg load. Hardness at the center of the cross section of the sheet 90° to the surface and to the rolling direction. 

5 Minimum bend radius without cracking on a single longitudinal specimen 3 in. long by 0.5 in. wide. Tested with 
the surface skin present. 

6 Forged at 1700°F by upsetting the 2%4-in.-diam ingot on edge to 0.250-in. slab, then ground and hot rolled at 
1450°F to 0.060-in. sheet. Total reduction 35:1. 


Table X. Properties of Titanium Binary Alloys® Prepared from Process A Metal Base (Group VIII Elements) 


Composition Pct, As-Hot-Rolled Temper! Heat Treated 1600°F?2 Annealed 1450° F3 
Mini- Mini- 
Actual Tensile |Elong., mum Tensile |Elong., mum Tensile | Elong., 
Strength,‘ | Pct in Bend Strength,+| Pct in Bend | Strength,7| Pct in 
_ Heat | Intended : psi 1In. | VHN | Radius,¢ psi 1In. | VHN® | Radius,é psi 1In. | VHN® 
No. Cc N WwW In. In. 
Titanium-Iron Alloys 
WC31 |Unalloyed|0.14 Fe 0.04 0.048 0.23 85,900 18.5 199 3/64 74,300 19.5 174 3/64 
we ra ze 136,400 15 339 
i e 148,300 1.0 440 
WC27 0.25 Fe |0.40 Fe 0.04 0.036 0.34 95,300 21.0 211 3/32 80,500 21.0 201 3/32 
WC28 0.50 Fe |0.68 Fe 0.08 0.026 0.51 93,200 17.0 221 3/16 94,600 17.0 232 3/32 
WC25 1.0 Fe |1.15 Fe 0.05 0.037 0.50] 110,300 17.0 220 3/16 114,900 10.0 254 >1/4 
WC37 2.0 2.20 Fe 0.05 0.05 0.47 | 146,500 8.5 305 3/16 146,500 2.5. 468 >1/4 
Titanium-Cobalt Alloys 
WC101/ Unalloyed 0.03 0.025 0.46 76,700 19.5 189 3/32 70,8 
WA012|Unalloyed ‘ Se res hie bene 16.0 | 203 
WA20 2.0 Co 111,800 14.0 244 
WC115| 1.0 Co /1.02 Co 0.03 0.047 0.31] 108,500 18.5 221 3/16 102,900 10.0 255 >1/4* 
WC103| 2.0 Co |1.90 Co 0.04 0.021 0.32] 110,700 8.0 242 3/16 115,800 4.0 305 >1/4* 
WC102| 3.0 Co |3.05 Co 0.04 0.022 0.23] 135,000 10.0 271 3/16 119,400 3.0 354 >1/47 
Titanium-Nickel Alloys 
WAO /|Unalloyed ‘ 
WAIS 10 oF 91,900 15.0 Print 
waie | 20 Ni 94,500 16.0 220 
WALT 0 Ni 111,600 3.0 271 
WAI8 | 10.0 Ni tpoloon | Sob see 
wD1 10.0 Ni |11.4 Ni 0.07 0.029 0.59{ 100,600 1.0 298 >1/4 78,100 0.0 527 >1/4 ; 2 258 


VAs hot rolled 1450°F. 
° Heated in air % hr at 1600°F and quenched in cold water. surf, ki 
pe onenled eee aay at 1450°F and air cooled. Sine Rene teas 
verage oO ongitudinal 14-ga specimens, 3 in. long by 0.375 reduced section. 14-ga sheet 
in. wide with a 0.250-in.-wide reduced section. Tested with 8 i e ep i 
Pee ean ested wit. Forged at 1700°F by upsetting the 214-in. 
510-kg load. Hardness at the center of the cross section of 0.060-in. sh i ; 
the sheet 90° to the surface and to the rolling direction. * Some ductility, ohana cea te a 
®° Minimum bend radius without cracking on a single longi- ¥ Very little ductility. 


tudinal specimen 3 in. long by 0.5 in. wide. Tested with the 


7 Average of 2 longitudinal 8-in. specimens with 0.5-in.-wide 


t -diam ingot 
to 0.250-in. slab, then ground and hot rolled we 1450°F fo 
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Fig. 29—Tentative diagram 
showing transformation 
range of titanium—0 to 10 
pet manganese alloys made 
from process A metal. 


Fig. 30-33 (below)—Typical 
structures observed in binary 
titanium-manganese alloys 
made from process A metal. 


Fig. 30—Heat WC63, 1.0 pet 
Mn, 0.02 pet C, 0.034 pet N, 


0.16 pet W. 
Quenched~ from 1550° F in the 
a + B field. The predominant phase 
is alpha with acicular alpha 
(transformed beta) in the grain 
boundaries. 500X. 


Fig. 31—Heat WC63, 1.0 pet 
Mn, 0.02 pct C, 0.034 pet N, 
0.16 pet W. 


Quenched from 1650°F in the 
a+ £6 field. Islands of alpha are 
shown in an _  acicular§ alpha 
(transformed beta) structure. 500X. 


Fig. 32—Heat WC63, 1.0 pet 
Mn, 0.02 pet C, 0.034 pet N, 
0.16 pct W. 

Quenched from 1700°F in the £8 
field. The structure shown is acic- 


ular alpha which transformed from 
beta during the quench. 500X. 


Fig. 33—Heat WH82, 7.5 pct 


nominal Mn. 
Quenched from 1450°F in the 8 
field. With high manganese pres- 
ent, the beta phase has not trans- 
formed in the quenched specimen. 
500X. 
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Fig. 35—Aging curves 
for a titanium-manga- 
nese alloy (heat 
WC41) prepared from 
process A metal. 
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‘gram showing’ the 
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Fig. 38-39—Typical structures observed in binary 
titanium-iron alloys made from process A metal. 


Fig. 38 (above)—Heat WC37, 2.20 pct Fe, 0.05 pct 


C, 0.05 pet N, 0.47 pet W. 
Quenched from 1600°F in the aq + £8 field. Islands of alpha 
in an acicular alpha (transformed beta) matrix are shown 
500X. 


Fig. 39 (below)—Heat WC37, 2.20 pct Fe, 0.05 pet 


C, 0.05 pet N, 0.47 pet W. 


Quenched from 1650°F in the B field. The structure shown is 
acicular alpha (transformed beta). 500X. 


Fig. 40—Effect of solution treat- 
ment on the hardness of titanium- 
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iron alloys prepared from process 
A metal. 
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tained by the addition of the fused chromium. 

Binary Titanium-Manganese Alloys: The me- 
chanical properties of the titanium-manganese 
binary alloys in the as-hot-rolled condition and 
after solution heat treatment at 1600°F are shown 
by the data in table IX. The effects of manganese 
on the properties of the alloys in the as-hot-rolled 
condition are graphically represented by fig. 45. 

Fig. 29 shows the effects of manganese on the 
transformation range and the very marked restric- 
tion of the alpha field produced by small additions 
of manganese. Fig. 30 to 33, inclusive, show repre- 
sentative microstructures of the titanium-manga- 
nese binary alloys. 

Fig. 34 shows that titanium-manganese binary 
alloys are hardened by quenching from the higher 
temperatures, as are some other titanium-base al- 
loys. At 4.37 pct manganese, the hardening is quite 
marked even at a quenching temperature of 1450°F. 
The data in table IX show that the tensile properties 
of these alloys are not favorably affected by quench- 
ing from 1600°F. However, since marked hardening 
occurs, even at low quenching temperatures, favor- 
able heat treatments may be developéd. The re- 
sponse of the titanium-manganese alloys to aging 
is illustrated by fig. 35 and 36. These data show 
that the quenched alloys containing 2 and 4 pct 
manganese age substantially at 600 to 750°F. Data 


Fig. 41 — Effect of aging on the 
hardness of titanium-iron alloys 
prepared from process A titanium. 


not included in the paper show that these alloys con- 
taining 3.5 to 10 pct manganese also respond ap- 
preciably to aging treatments in the as-hot-rolled 
condition. At 3.5 pet manganese, the increase in 
hardness of the as-hot-rolled alloys is only about 
30 Vickers. At 10 pct manganese, the increase in 
hardness is 90 to 100 Vickers points. 

It may be concluded from these data that manga- 
nese is one of the most interesting alloy additions 
made to titanium. An addition of 5 or 7.5 pct 
manganese to titanium produced the following 


properties: 
5 Pct Mn 7.5 Pct Mn 
LY 
Tensile strength, psi 162,800 196,800 
Elongation in 1 inch, pct 6.5 2.5 
Vickers hardness 315 384 
Minimum bend radius, in. 3t >4t 


Binary Titanium-Iron Alloys: Table X contains 
data on the mechanical properties of the titanium- 
iron alloys in the as-hot-rolled condition and after 
heat treating at 1600°F. The data on the tensile 
properties of the alloys in the as-hot-rolled condi- 
tion are represented graphically by fig. 45. Fig. 37 
shows the effects of iron on the transformation range 
and illustrates the very restricted range of the 
alpha field. Fig. 38 and 39 illustrate representative 
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Fig. 42—Aging curves 
for a titanium-iron al- 


loy (heat WC37), 
made from process A 
metal. 


HEAT TREATED I600°F, 


O- 400°F. AGING 
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microstructures of the titanium-iron binary alloys. 

The effects of various heat treatments on the 
hardness of the titanium-iron binary alloys are il- 
lustrated by fig. 40. It is quite evident that the 2.2 
pet iron alloy is markedly hardened by quenching 
from 1550°F. In all probability, such heat treat- 


ments will be useful for some applications even . 


though the tensile data, table X, show that a quench 


from 1600°F was not beneficial. 

The response of these binary alloys to aging is 
illustrated by fig. 41 and 42. It will be noted that 
the 2 pct iron alloy tends to age slightly after 


“quenching from 1600 or 1700°F. Data not indicated 


_ in the table also show that the 2 pct iron alloys age 


harden about 40 Vickers numbers when the as-hot- 
rolled material is aged from 2 to 8 hr at 750°F. 
Although the increase in strength obtained by 
additions of iron is accompanied by a considerable 
sacrifice in ductility, it is quite probable that this 


element will be a useful alloying addition to 


titanium. 
Binary Titanium-Cobalt Alloys: Data on the me- 
chanical properties of the titanium-cobalt binary 


alloys in the as-hot-rolled condition and after heat _ 


treatment at 1600°F are listed in table X. The ten- 
sile properties of the alloys in the as- -hot-rolled 
condition are graphically represented by fig. 45. Fig. 


4 8 


HEAT ee OO 


AGED AS ABOVE 
COMPOSITION: 2.20% Fe, 0.05%C, 
0.0S5%N, ,0.47%W 


12 16 
TIME, HOURS 


43 shows the effect of cobalt on the transformation 
range and the restriction to the alpha field. 

As with other titanium-base alloys, some increase 
in hardness occurs when they are quenched from 
elevated temperatures. The increase is quite 
marked for the 3 pct cobalt alloy and becomes 
slightly greater when the temperature is increased 
to 1750°F. This is shown by fig. 44. However, as 
indicated by the data in table X, the tensile proper- 
ties of the alloys are not beneficially affected by the 
quenching treatment at 1600°F. None of these 
cobalt alloys age hardens appreciably when the as- 
hot-rolled material is aged up to 8 hr at 750°F. 

Like iron, cobalt produces some increase in 
strength at a considerable sacrifice in ductility. 
However, in small amounts, it may have a useful 
function in complex alloys of titanium. 

Binary Titanium-Nickel Alloys: A small amount 
of data on the mechanical properties of titanium- 
nickel binary alloys is listed in table X. Relatively 
few data are available, however, because these al- 
loys were fairly difficult to prepare in the arc 
furnace. However, alloys have been successfully 
made recently but data are not yet available. 


20 


24 


Summary 
Binary alloys of titanium with silver, lead, tin, 
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Fig. 43—Tentative diagram show- 
ing the transformation range of 
titanium—0 to 3.0 pet cobalt al- 
loys made from process A metal. 


tensile properties. As_ illus- 
trated by fig. 45, which shows a 


1700 


ON 
a 
(2) 


comparison of the tensile prop- 
erties and hardnesses of all the 
binary systems in the as-hot- 
rolled condition, the first three 


are the best and copper is very 
definitely the poorest. All of 
these elements were investi- 


a 
3° 
fe) 


TEMPERATURE, °F. 


gated up to their limits of use- 
fulness, and all were soluble in 
alpha or beta titanium. All pro- 
duced a lowering in the beta 
solvus line and all closely lim- 


1550 


0 10 20 & 40 50 6.0 7.0 80 9.0 10.0 
COBALT, PER CENT 

nickel, copper, beryllium, boron, silicon, chromium, 
molybdenum, manganese, vanadium, iron, and co- 
balt have been studied. One-half-pound ingots of 
the alloys were prepared in an arc furnace, employ- 
ing a water-cooled copper crucible, an argon at- 
mosphere, and a water-cooled tungsten electrode. 
The 44-lb ingots were then forged at 1700°F in air 
to a 1%4-in. slab and hot rolled at 1450°F to 0.060-in. 
sheet. Tensile properties, mini- 460 
mum bend radii, hardnesses, re- 
sponse to heat treatment and 
aging treatment, and _ phase 
relationships were determined. 

The range of composition of 
alloys containing silver, lead, 
tin, or nickel was not adequate. 
However, the limited data 
indicate that silver, lead, and 
tin, though soluble in alpha 
and beta titanium to the 
limits investigated, do not pro- 
duce binary alloys with high 
tensile properties. Relatively 
little data are available on 
titanium-nickel alloys. 

Beryllium, boron, and silicon : 
all have very limited solubility 
in alpha and beta titanium and 
are not useful as major alloying 
elements, although they may be 
useful as minor additions in 
complex alloys. 

Manganese, chromium, mol- 
ybdenum, vanadium, iron, co- 
balt, and copper all produced 
binary alloys with fairly high 


VICKERS HARDNESS 


Fig. 44—Effect of solution tem- 


ited the extent of the alpha field. 

Unalloyed titanium and prac- 
tically all of the binary alloys 
are increased in hardness when 
quenched from elevated tem- 
peratures, the increase being 
greater the higher the tempera- 
ture, at least up to 1750°F. Al- 
loys, particularly those contain- 
ing 2 or more pct iron or 5 to 10 
pet manganese, are markedly hardened by quench- 
ing. Quenching from 1600°F did not produce a bene- 
ficial effect on the tensile properties of any of the 
compositions investigated. However, since marked 
hardening of some alloys occurs, it is believed that 
useful heat treatments may be developed. 

Several of the binary systems age harden slightly 
after quenching froma high temperature and even 
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when the alloys are aged in the hot-rolled condition. 

The data so far indicate that the best properties 
of titanium alloys are obtained in the as-hot-rolled 
condition, though no data are presented on the al- 
loys which have been aged after hot rolling. An- 
nealing produces slightly lower tensile strength 
with only a slight increase in ductility. Although 
the data are limited, cold working the annealed 
alloys does not appear to be beneficial since the loss 
in ductility is accompanied by only a slight increase 


ALLOY AD 


Fig. 45—Relative effects of alloying additions on the tensile properties and hardness of binary titanium 
alloys prepared from process A metal. 
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in tensile strength. 
The studies of titanium-base alloys are being con- 


- tinued under the sponsorship of the Air Materiel 


Command, Wright-Patterson Air Force Base. 
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Ternary Alloys of Titanium 


by C. M. Craighead, O. W. Simmons, and L. W. Eastwood 


The results of a preliminary study of 113 ternary titanium-base alloys are described. The com- 


positions investigated were as follows: 


1. Ternary titanium-carbon alloys containing copper, silicon, vanadium, chromium, manganese, 


iron, or cobalt. 


2. Ternary titanium-nitrogen alloys containing chromium. 
3. Ternary titanium-chromium alloys containing additions of yanadium, molybdenum, tungsten, 


cobalt, or nickel. 


4. Ternary titanium-manganese alloys containing additions of silicon, chromium, tungsten, or 


iron. 


Tensile properties, minimum bend radii, hardnesses,-response to heat treatment and aging treat- 
ment, and phase relationships for these alloys were determined. 


HIS is the second in a series of papers describ- 

ing some of the results of the exploratory work 
on titanium alloys being conducted at Battelle Me- 
morial Institute for the Wright-Patterson Air Force 
Base. The work with the binary alloy systems has 
been described in a previous publication.’ This 
paper describes ternary titanium-base alloys as 
follows: 

1. Ternary titanium-carbon alloys containing 
copper, silicon, vanadium, chromium, manga- 
nese, iron, or cobalt. 

2. Ternary titanium-nitrogen alloys contain- 
ing chromium. : 

3. Ternary titanium-chromium alloys contain- 
ing additions of vanadium, molybdenum, 
tungsten, cobalt, or nickel. 

4. Ternary titanium-manganese alloys contain- 
ing additions of silicon, chromium, tungsten, 
or iron. 

As the preparation and fabrication of the 0.5-Ib 
experimental titanium alloy ingots to 14-ga sheet, 
as well as the methods of testing used. in this work, 
have been described in the first paper of this series, 
Titanium Binary Alloys, no further discussion of 
these techniques will be given. 


Ternary Alloys Containing Carbon 


The following alloys of titanium, containing 
carbon and one other metal, were investigated: 
1. 0.25 pet carbon; 1, 2.5, and 5 pct copper. 
2. 0.25 pet carbon; 1, 2, and 3 pct silicon. 
3. 0.25 pet carbon; 1, 2.5, and 5 pct vanadium. 
4. 0.25 pet carbon; 2.5, 3.5, 5, 10, and 15 pct 
chromium. 


C. M. CRAIGHEAD, O. W. SIMMONS and L. W. 
EASTWOOD, Member AIME, are Assistant Supervisor, 
Research Engineer, and Supervisor, respectively, 
Battelle Memorial Institute, Columbus, Ohio. 

New York Meeting, Feb. 1950. 

TP 2748 E. Discussion (2 copies) may be sent to 
Transactions AIME before Apr. 1, 1950, and is sched- 
uled for publication Nov. 1950. Manuscript received 
Oct. 14, 1949. 


5. 0.5 pet carbon; 2.5, 3.5, and 5 pct chromium. 

6:.0.25 petcarbon; 1, 1.75, 2.5,-3-5,-5; 7.5,,and 
10 pct manganese. 

12020 pet carbon: l-75, 235, 325,50) 1-0, ana all 
pct manganese. 

8.0.25 pet. carbon;- 0:25, 0:5; _1,-and) 2- petirone 

9. 0.25 pct carbon; 1, 2, and 3 pct cobalt. 
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Fig. 1—Effect of carbon on the properties of as- 
hot-rolled titanium-copper alloys prepared from 
process A metal. 
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Mechanical Properties: The mechanical properties 
of the above-listed ternary alloys in the as-hot- 
rolled condition, and after heat treating at 1600°F, 
are listed in table I. Fig. 1 to 7 show the effect of 
carbon by a comparison of the properties of the 
binary and ternary alloys in the as-hot-rolled con- 
dition. In these figures, the data for the binary 
alloys’ are represented as dashed lines. The curves 
for the ternary alloys are shown in solid lines. 

The addition of 0.25 pct carbon has generally 
produced an increase in tensile strength and hard- 
ness without a serious loss in ductility. However, 
when 0.5 pct carbon was added to the titanium- 
chromium and titanium-manganese alloys, the 
tensile strengths are lower than with 0.25 pct car- 
bon present, as shown by fig. 4 and 5. The amount 
of the carbide phase present was observed to in- 
crease in those alloys containing 0.5 pet carbon and 
the lower properties are attributed to this condi- 
tion. Thus, it appears that carbon as an alloying 
addition should be limited to about 0.25 pct or less. 

-A comparison of the tensile properties and hard- 
nesses of these ternary alloys in the as-hot-rolled 
condition is illustrated by fig. 8. The ternary ti- 
tanium-chromium-carbon and the ternary titanium- 
manganese-carbon alloys have outstanding tensile 
strengths. The manganese-carbon alloy containing 
about 7.5 pet manganese and 0.25 pct carbon had 
a tensile strength of 221,000 psi, a Vickers hardness 
of 438, and 2.0 pct elongation in 1 in., but no ductil- 
ity in the bend test. The structure of this alloy as 
hot rolled at 1450°F was untransformed beta and 
titanium carbide. Alloys with lower manganese 
content produce better ductility with lower strength. 


Structure and Transformation Range: Specimens 
of all the alloys comprising the seven ternary sys- 


Fig. 5—Effect of carbon on the properties of as- 
hot-rolled titanium-manganese alloys prepared 
from process A metal. 


tems containing carbon, were quenched from tem- 
peratures of 1450, 1550, 1600, 1650, 1700, and 
1750°F. These solution-treated samples were exam- 
ined microscopically to establish the phase rela- 
tionship. 

No satisfactory etch was found for the titanium- 
silicon-carbon alloys that would differentiate be- 
tween the silicon-rich phase, as observed in the 
binary titanium-silicon alloys, and the carbide 
phase. The structures of these alloys were fine and 
the amount of the silicon-rich phase was large so 
that no estimate of the relative amounts of the 
alpha and beta phases was possible. Considerably 
more study will be needed to identify the phases 
present in the titanium-silicon-carbon system. 

Fig. 9 to 13 show typical structures observed in 
the titanium-chromium-carbon and the titanium- 
manganese-carbon alloys. As evident from these 
micrographs, the presence of 0.25 pct or more car- 
bon produced an insoluble carbide phase. This car- 
bide constituent appears to be less soluble at tem- 
peratures where beta titanium is the stable phase 
than at lower temperatures where alpha and beta 
coexist. The beta phase of alloys containing 10 and 
15 pet ‘chromium and those containing 7.5 and 10 
pet manganese appeared to be retained at room 
temperature when the alloys were air cooled after 
hot working at 1450°F or quenched from tempera- 
tures ranging from 1450 to 1750°F. These alloys 
showed none of the acicular alpha structure charac- 
teristic of transformed beta. 

The effect of carbon on the transformation range 
of the titanium-copper, titanium-vanadium,  ti- 
tanium-chromium, titanium-manganese, titanium- 
iron, and titanium-cobalt systenis is shown graphi- 
cally in fig. 14 to 21. In these figures, the respective 
binary diagrams’ have been reproduced as dashed 
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Fig. 6—Effect of carbon on the properties of as- 
hot-rolled titanium-iron alloys prepared from 
process A metal. 


lines. The phases observed in the ternary alloys at 
temperatures of 1450 to 1750°F have been super- 


imposed to show the changes resulting from the 


addition of carbon. Carbon raised the beta solvus 
line at low-alloy concentrations except in the ti- 
tanium-chromium and the titanium-cobalt systems. 
Response to Heat Treatment and Aging: The re- 
sponse of the ternary alloys containing carbon to 
solution heat treatment was followed by determin- 
ing the Vickers hardness of specimens quenched 
from temperatures of 1450, 1550, 1600, 1650, 1700, 
and 1750°F. Age-hardening data were obtained in 
a similar manner on specimens quenched from 1600 
and 1700°F and then aged for various periods at 
752°F. These hardness data are listed in table II. 
As indicated previously, silicon forms an insolu- 
ble constituent at very low concentrations. There 
was very little response of the ternary titanium- 


silicon-carbon alloys to heat treatment, as shown . 


in table II. pe? 

Fig. 22 to 25 show graphically the changes in 
hardness produced by heat treating the titanium- 
“copper-carbon, the titanium-vanadium-carbon, the 
titanium-manganese-carbon, and the titanium- 
iron-carbon alloys. Correlation of the hardness 
data on the heat-treated ternary alloys with their 
transformation range as shown by fig. 14 to 20 indi- 
cates that the greatest increases in hardness oc- 
curred in the more highly alloyed compositions 
when quenched from the beta-phase field. 

The tensile properties of the various alloys after 
solution heat treatment at 1600°F are listed in 
table I. Referring to these data and comparing the 
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Fig. 7—Effect of carbon on the properties of as- 
hot-rolled titanium-cobalt alloys prepared from 
process A metal. 
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Table I. Properties of Ternary Titanium-Carbon Alloys* Prepared from Process A Metal Base 


| As-Hot-Rolled Temper! | Heat Treated 1600°F?2 
Composition, Pet Tensile |Elong., Minimum Tensile Elong., Minimum 
Heat No. Strength,’ | Pct in VHN‘* Bend Strength,? Petin VHN+ Bend 
Intended i Actual psi 1 In. Radius,° In. psi 1In. Radius,® In 
c | N | Ww 
| Titanium — Copper — Carbon (0.25 Pct C) | 
WC29 | Unalloyed 0.15 Fe 0.02 |-0.026 | 0 85,200 | 21.0 196 3/32 75,000 20.5 169 3/64 
WC30 1.0Cu |0.25C] 0.98Cu | 0.29 | 0.033 | 0.13 | 105,500 | 19.5 256 3/16 98,500 23.0 256 3/16 
WC36 25Cu |025C] 2.07Cu | 0.25 | 0.038 | 0.08 | 114,000 | 14.5 252 3/16 126,600 15.0 254 >1/4 
WC26 5.0Cu |0.25C| 5.02Cu-| 0.25 | 0.029 | 0.18 | 122,700 | 11.5 271 1/4 137,500 2.5 336 >1/4 
| Titanium — Silicon — Carbon (0.25 Pet C) | 
WC86 | Unalloyed 91,300. | 24.5 194 1/16 78,500 24.0 167 1/16 
WC120| 0.5Si | 0.25C| 0.38 Si 116,900 | 20.5 262 3/16 97,400 24.0 232 3/32 
wci22 | 1.0Si |0.25C]| 0.92 Si 123,300 | 15.0 281 3/16 122,300 16.5 250 3/16 
WC12s 2 0 Si 0.25 c 1.52 Si 127,200 | 12.0 285 >1/4* 102,500 12.0 240 3/16 
12 Si 3 
| Titanium — Vanadium — Carbon (0.25 Pet C) | 
WwC72 | Unalloyed 0.05 | 0.025 | 0.43 83,300 | 20.5 192 1/16 82,400 20.0 191 1/16 
WC70 1.0 V 0.25C] 1.06V 0.22 | 0.026 | 0.18 | 103,700 | 21.0 238 3/16 102,000 21.0 260 3/16 
WwCc73 2.5 V 0.25C}| 2.29V 0.27 | 0.044 | 0.18 | 113,600 | 18.0 278 3/16 134,400 5.0 287 >1/4* 
WC71 5.0 V 0.25C| 4.55 V 0.21 | 0.026 | 0.31 | 137,600 9.0 294 3/16 138,700 6.0 327 >1/4+ 
| Titanium — Chromium — Carbon (0.25 Pct C) | 
WG69 | Unalloyed 75,000 | 21.5 163 1/64 62,000 26.0 147 | 3/64 
WAB4| 2.5Cr |0.25C!} 2.28Cr 0.28 | 0.135 | 0.14 | 171,200 8.0 336 >1/4 165,700 3.0 
WC157 5.0 Cr 0.25C| 4.94 Cr 0.25 | 0.054 |] 0.52 179,900 5.0 349 1/4 125,000 1.0 
WAB18| 10.0Cr |0.25C| 9.40Cr 0.28 | 0.049 | 0.05 | 179,400 3.5 383 >1/4 158,800 3.5 
wei137 | 15.0Cr |0.25C|14.4 Cr 0.13 | 0.045 | 0.28 | 171,000 6.0 346 3/16 170,000 5.5 
was3s | 2.5Cr |0.25C| 2.25Cr 141,400 7.5 305 3/16 147,700 2.5 314 >1/4* 
waee | 35Cr | 025C| 3.23Cr 160,200 5.0 262 3/16 143,500 2.0 320 >1/4+ 
wa45 | 5.0Cr |.0.25C] 427Cr 158,100 6.5 288 | 3/16 135,000 0.5 303 >1/4; 
| Titanium — Chromium — Carbon (0.50 Pct C) 
WG69 | Unalloyed 75,000 | 21.5 163 1/64 2 
we7s | 25Cr |05 C] 2.15¢Cr 128.200 | 11.5 245 3/16 180/900 et 204 ilar 
wees | 3.5Cr |05 C| 3.35Cr 146,900 7.0 266 1/4 147,200 15 297 >1/4+ 
wG51 | 5.0Cr |05 C] 4.21Cr 155,300 5.0 280 3/16 106,500 0.5 301 >1/4+ 
| Titanium — Manganese — Carbon (0.25 Pct C) | 
WH79 | Unalloyed 77,000 21.5 194 f Ns 
WC61 | Unalloyed 0.02 | 0.055 } 0.14 82,400 | 22.0 186 aed 73°00 i710 i706 3) e4 
wCe62 1.0Mn |0.25C! 0.98Mn | 0.18 | 0.043 | 0.14 | 113,000 | 19.0 252 3/16 114900 16.0 259 Bt 
wes9 | 25Mn |0.25C| 2.24Mn | 0.14 | 0.019 | 0.20 | 132,700 | 13.0 272 3/16 150,800 7.0 334 a 
WC58 5.0Mn |0.25C| 4.80Mn | 0.21 | 0.056 | 0.22 | 176,500 5.5 342 >1/4 157,000 1.5 417 1/4 
wH84 | 1.75Mn |0.25C 128,900 | 17.0 265 3/16 145,800 5.0 314 aie 
WH86 | 2.5Mn | 0.25C 133,900 | 11.5 | 282 3/16 148, : saat 
WH101| 3.5Mn |0.25C 148,700 | 10.5 | 339 a4 ree oe 387 >1/47 
WH93 | 5.0Mn |0.25C 194,300 | 2. ip erg es 403 >1/47 
WH91 | -7.5Mn |0.25¢C 221,400 30 438 at ies 700 a8 a sae 
WH89 | 10.0Mn | 0.25C 165,000 | 3.5 | 361 >1/4* 153,100 2.0 361 Siat 
| Titanium — Manganese — Carbon (0.50 Pet C) 
ae eet CN 
wHs7 | 2.5Mn /0.5 C 123,400 45 235 >1/4* Fees 4.5 357 >1/4¢ 
WH99 3.5 Mn 0.5 C 149,100 35 340 ~ 3/16 162'500 4.0 269 >1/4} 
WH92 | 5.0Mn /0.5 C 138,700 | 11.0 | 456 >1/4 ae one Sat 
WH100| 7.5Mn |0.5 C 188'000 - [at 131,300 0.0 348 1/4} 
wuss | 10.0Mn |05 C ; CU eco achat 167,300 0.0 375 S14} 
: : | 181,800 1.0 356 >1/4+ 160,000 25 345 1/44 
‘ | Titanium — Iron — Carbon (0.25 Pct C) | 
WC39 | Unalloyed -03 | 0.043 | 0.2 83 
we40 | 025Fe |025C| 0.40Fe | 0.16 | 0.035 | 0.07 100°800 300 a3 aie gereon oe 182 3/32 
WC38 0.5 Fe 0.25C]} 0.63 Fe 0.22 | 0.034 | 0.34 117,200 | 20.0 249 3/16 114, a ree a 3/32 
wc4a2 | 1.0 Fe 0.25 c 1.10 Fe 0.15 | 0.03 | 0.17 | 120,300 | 17.5 243 3/16 130'500 ce day 3/16 
we33 | 2.0Fe |0.25C| 2.14Fe 0.024 | 0.68 | 125,000 |~10.0 289 3/16 125,000 17.0 421 Sia 
ae Se lie ir ean 
| Titanium — Cobalt — Carbon (0.25 Pct ane oo es ae | 
WC101 | Unalloyed 0.03 | 0.025 0.46 
woil4| 10¢o |025C|0.93Co | 0.22 | 0022 | 029 | 111’400 | Ise | oes 3/16 eee PA cy ee 3/32 
WC | 2.0 Co ]025C] 117Co | 0.23 | 0.031 | 0.35 121,700 | 10.0 | 274 3/39 Teiece ee i >1/4* 
.0 Co Fi A H i ’ 
0 0.23 | 0.061 | 0.18 | 132,400 8.0 296 3/16 125,800 40 ren ey hae 


1 As hot rolled 1450°F. 
Ge in ee ac ann ae 1600°F and quenched in cold water. 
verage 0: ongitudinal 14-ga specimens, 3 1 i ‘ H 

oe in. long by 0.375 in. wide with a 0.250-in.-wide reduced section. Tested with the surface skin 
410-kg load. Hardness at the center of the cross section of the sheet 90° to th 
5 Minimum bend radius without cracking on a single longitudinal specimen 3 ioe ene Oe Ma eee pect on 
6 Broke up on forging. wide. Tested with the surface skin present. 
7 Analysis — 0.03 pct Mn. 
*Some ductility. 
+ Very little ductility. 2 

_® Forged at 1700°F by upsetting the 2%4-in. diam ingots on edge to 0.250-in. slab, then ground and hot rolled at 1450°F to 0.060-in. sh 
-060-in. sheet. 
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Table II. Properties of Titanium-Chromium-Nitrogen Ternary Alloys’ Prepared from Process A Metal Base 


Composition, Pct As-Hot-Rolled Temper? Heat Treated 1600°F?2 
Actual Tensile Elong., Minimum Tensile Elong., Minimum 
Strength,? Pectin Bend Strength,? Pectin eee 
Heat No. Intended CaENa IW. psi 1In. VHN! | Radius, In. psi 1 In. VHN‘ Radius,® In. 
Titanium-Chromium-Nitrogen (0.1 Pct N) 
. 64 
WG168 Unalloyed 77,200 22.5 180 3/64 69,400 15.5 186 3/ 
WG176 2.5 Cr0.1N 131,200 9.0 313 3/16 152,400 1.0 397 >1/47 
WG174 3.5 Cr 0.1 N 158,500 7.0 311 3/16 140,000 1.0 370 >1/47 
WG172 5.0 Cr 0.1 N 186,800 5.0 295 3/16 84,100 0.0 426 >1/4F 
Titanium-Chromium-Nitrogen (0.2 Pet N) 
64 
WG168 Unalloyed 77,200 22.5 180 3/64 69,400 15:5 186 3/ 
WG175 2.5 Cr 0.2 N 154,400 8.0 320 3/16 97,500 0.0 399 >1/47 
WG173 3.5 Cr 0.2 N 163,300 12.0 324 3/16 61,200 0.0 388 lat 
WG169 5.0 Cr 0.2. N 185,100 4.0 365 3/16 57,500 0.0 469 >1/4F 


1As hot rolled 1450°F. _ ae ee { 

2 Heated in air % hr at 1600°F, and quenched in cold water. : J ; : 

3 Average of 2 longitudinal 14-ga specimens, 3 in. long by 0.375 in. wide with a 0.250-in.-wide reduced section. Tested with the surface 
skin present. A ; : ee 

410-kg load. Hardness at the center of the cross section of the sheet 90° to the surface and to the rolling direction. Average of a 
least 5 readings. ; J . : ‘ , : 

5 Minimum bend radius without cracking on a single longitudinal specimen 3 in. long by 0.5 in. wide. Tested with the surface skin 


resent. 


+ Very little ductility. : 
6 Forged at 1700°F by upsetting the 2%4-in.-diam ingots on edge to 0.250-in. slab, then ground and hot rolled at 1450°F to 0.060-in sheet. 


Table IV. Aging and Heat-treating Data for Titanium-Chromium-Nitrogen Ternary Alloys’ Prepared from 


Heat No. 


WG168 
WG176 
WG174 


WG172 
WG168_ 
WG175 


Wwal73 
WG169 


i110-kg load. Hardness at the center of the cross section of the sheet specimen 90° 
age of at least 5 readings. 


Process A Metal Base 


Aging Data 


Heat-Treating Data Vickers Hardness? After 
Indicated Treatment 


Composition, Pet 


Vickers Hardness! After Indicated Treatment 
As Hot Rolled, Aged 750°F 


Actual for Indicated Time 
Heat Heat Heat Heat Heat Heat 
Wee ef AS EROe Treated Treated Treated Treated Treated Treated 

Intended _ |C N W)] Rolled? 1450°F4 1550° Fs 1600° Fs 1650°F7 1700°F8 1750°F2 0Hr | 2Hr 4Hr 8 Hr 
Unalloyed 180 149 158 186 151 185 201 1801 1781 
2.5 Cr0.1N 313 260 365 397 384 392 332 3131 32°71 
3.5 Cr 0.1N 311 391 355 370 381 373 421 3111 3211 
2951 3371 

5.0 Cr0.1N 295 452 498 426 493 478 489 309 327 330 335 
Unalioyed 180 149 158 186 4151 185 201 1801 1781 
2.5 Cr0.2N 320 366 358 399 397 408 429 3201 3551 
433 1 1 

3.5 Cr0.2N 324 376 446 388 395 409 ae 342 en 350 
3651 4141 

5.0 Cr0.2N 365 447 405 469 415 505 486 364 372 397 394 


to the surface and to the rolling direction. Aver- 


210-kg load. Surface hardness af indi igh-ni indi i : 
ae ee oe rece, Ss after grinding off the high-nitrogen layer unless indicated otherwise. Average of at least 5 readings. 
4 Heated in air % hr at 1450°F and quenched in cold water. 
5 Heated in air % hr at 1550°F and quenched in culd water. 
6 Heated in air 42 hr at 1600°F and quenched in cold water. 
7 Heated in air % hr at 1650°F and quenched in cold water. 
8 Heated in air 4% hr at 1700°F and quenched in cold water. 
9 Heated in air 42 hr at 1750°F and quenched in cold water. 
10 Forged at 1700°F by upsetting the 2%4-in.-diam ingots on edge to 0.250 in. slab then ground and hot rolled at 1450°F to 0.60-in 


sheet. 


Table V. Properties of Ternary Titanium-Chromium Alloys’ Containing Additions of Vanadi- 
um, Molybdenum, Tungsten, Cobalt, or Nickel—Process A Metal Base 


Composition, Pct As-Hot-Rolled Tempert Heat Treated 1600° F2 
Heat No. Actual Tensile | Elong., Minimum | Tensile | Elong., Minimum 
Intended Strength,’ Pet in Bend Strength,?| Pctin Bend 
Cc N W psi 1In. VHN! |Radius,® In. psi 1 In. VHN?: | Radius,5 In. 


Titanium — Chromium — Vanadium (1.0 Pct V) 


WG108 Unalloyed 85,400 20.5 192 3/64 76,900 13.0 183 

WG115 | 2.5 Cr10V P 128,400 12.0 266 3/16 133,400 2.0 330 sie 
WG116 | 3.5Cr1.0V 134,800 10.0 276 3/16 117,100 2.0 350 >1/4 
WG163 | 5.0Cr1.0V 156,600 8.0 318 3/16 93,000 1.5 323 >1/4 


522—JOURNAL OF METALS, MARCH 1950, TRANSACTIONS AIME, VOL. 188 


Table V (continued). Properties of Tern itani i 
l ed). ary Titanium-Chromium Alloys’ Containing Addi- 
tions of Vanadium, Molybdenum, Tungsten, Cobalt, or Nickel—Process A Metal Base > 


Composition, Pct As-Hot-Rolled Temper? Heat Treated 1600°F2 


Heat No.| Intended Actual 


Tensile Elong., Minimum | Tensile Elong. ini 
Strength,® Pectin Bend Strength,?| Pct i perrisuiae 
Cc N W psi 1 In, VHN+? |Radius,5 In. psi 1In. VHN‘ | Radius,® In, 
Titanium — Chromium — Vanadium (2 Pct) 
WG108 
Weiss | See saa | 705 | am | ies | steams | age | as | aes 
aoe 3.5 Cr 2.0 V 140,700 12.0 407 >1/4* 137,500 2.0 ius Sia 
64 |5.0Cr2.0V 170,400 5.5 340 3/16 61,300 1.0 350 >1/4 
Titanium — Chromium — Molybdenum (1.0 Pct Mo) 
WG103 Unalloyed 82,700 20.0 194 1/8 78,800 1 
> : Z ; 2.5 
WG101 | 2.5 Cr 1.0 Mo 132,500 11.0 275 3/99 107,500 0.5 as sia 
WG93 3.5 Cr 1.0 Mo 137,200 9.0 284 3/16 114,500 2.0 303 >1/4 
WG165 | 5.0 Cr1.0 Mo 155,700 6.5 312 3/16 103,300 1.0 343 >1/4 
Titanium — Chromium — Molybdenum (2.0 Pct Mo) 
WG103 Unalloyed 82,700 20.0 194 1/8 78,800 12 
’ : i 3) 177 
WG95 2.5 Cr 2.0 Mo 146,700 7.0 327 aft6 108,400 1.0 287 et 
WG92 3.5 Cr 2.0 Mo 145,700 8.0 322 3/16 94,200 1.0 318 >1/4 
WGI166 | 5.0 Cr 2.0 Mo 169,200 4.0 358 3/16 115,700 1.0 402 >1/4 
Titanium — Chromium — Tungsten (1.0 Pet W) 
WG177 Unalloyed 89,100 19.5 197 3/32 79,200 16.0 184 
WG186 | 2.5Cr1.0 W 130,400 11.0 267 aie 117,000 2.0 315 mre 
WG183 | 3.5 Cr1.0 W 145,900 10.0 303 3/16 120,000 1.0 319 >1/4 
WG180 | 5.0Cr1.0 W 146,000 5:5 339 >1/4* 125,000 - 2.0 319 >1/4 
Titanium — Chromium — Tungsten (2.0 Pct W) 
WG177 Unalloyed 89,100 19.5 197 3/32 79,200 16.0 184 3/32 
WG185 | 2.5 Cr2.0 W 140,000 11.0 272 aie 123,400 2.0 323 sila 
WG182 | 3.5 Cr2.0 W 148,500 8.0 332 3/16 110,000 1.0 306 >1/4 
WG179 | 5.0 Cr 2.0 W 171,900 4.5 342 3/16 86,500 1.0 314 | >1/4 
Titanium — Chromium — Tungsten (3.0 Pct W) 
WG177 Unalloyed 89,100 19.5 197 3/32 79,200 16.0 184 3/32 
WG184 | 2.5 Cr 3.0 W 157,900 7.5 282 3/16 133,600 3.0 323 ie 
WG181 | 3.5 Cr 3.0 W 154,800 11.0 334 3/16 119,200 1.5 301 >1/4 
WG178 | 5.0 Cr 3.0 W 164,200 6.5 396 3/16 120,300 0.0 399 >1/4* 
Titanium — Chromium — Cobalt (1.0 Pct Co) 
WG124 Unalloyed 81,700 21.0 196 1/16 76,800 16.0 177 1/16 
WG155 | 2.5 Cr1.0 Co 130,000 8.0 263 3/16 427 >1/4 
WG158 | 3.5 Cr1.0 Co 135,200 11.5 315 3/16 76,700 0.0 440 >1/4 
WGI156 | 5.0 Cr 1.0 Co 159,200 6.0 339 3/16 71,300 1.0 452 >1/4 
Titanium — Chromium — Cobalt (2.0 Pct Co) 
WG124 Unalloyed 81,700 21.0 196 1/16 76,800 16.0 177 1/16 
WG157 | 2.5 Cr 2.0 Co 125,900 10.0 274 3/16 479 >1/4 
WG159 | 3.5 Cr2.0 Co 146,100 9.5 320 3/16 530 >1/4 
WG154 | 5.0 Cr2.0 Co 170,400 3.5 361 3/16 104,700 1.0 473 >1/4 
a 5 SEE NSS ROR PUES A Og ME TOD iS a i aa aS Na a DENNIS LES, Ee ce SKS LCL a Do eAd Da a aE a OU 
Titanium — Chromium — Nickel (1.0 Pct Ni) 
WG110 Unalloyed 85,700 22.0 186 1/16 77,000 12.0 179 3/32 
WG129 | 2.5Cr1.0 Ni 122,500 12.5 249 3/16 101,800 2.0 370 >1/4 
WG134 | 3.5 Cr1.0 Ni 137,500 9.5 280 3/16 62,500 1.0 388 >1/4 
WG167 | 5.0 Cr1.0 Ni 150,000 8.0 326 3/16 28,100 0.0 475 >1/4 


. Titanium — Chromium — Nickel (2.0 Pet Ni) — 


WG110 
WG135 
WG125 
WG170 


Unalloyed 
.5 Cr 2.0 Ni 
As} i 
0 


85,700 22.0 
137,200 8.0 
140,800 7.0 
161,500 6.0 


186 1/16 
286 3/16 
292 3/16 
322 3/32 


77,000 
37,500 


53,100 


12.0 
1.0 


1.0 


179 3/32 
400 >1/4 
486 1/4 
505 31/4 


a 


1As hot rolled 1450°F. 


2Heated in air % hr at 1600°F and quenched in cold water. 


3 Average of 2 longitudinal 14-ga specimens, 3 in. 1 


section. Tested with the surface skin present. 
410-kg load. Hardness at the center of the cross section of the sheet 90° to the surface and to the rolling 


direction. Average of at least 5 readings. 
5 Minimum bend radius without cracking on a single longitudinal specimen 3 in. long by 0.5 in. wide. Tested 


with the surface skin present. 


* Some ductility. 2 p F : 
6 Forged at 1700°F by upsetting the 2%4-in.-diam ingots on edge to 0.250-in. slab, then ground and hot 


rolled at 1450°F to 0.060-in. sheet. 
Ia eee So eed Sc Sg lg 
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ong by 0.375 in. wide with a 0.250-in.-wide reduced 


Table VI. Aging and Heat-treating Data for Titanium-Chromium Alloys’ Containing Additions of Vanadium, 
Molybdenum, Tungsten, Cobalt, or Nickel—Process A Metal Base 


Heat-Treating Data Aging Data 


: 1 i Treat t Vickers Hardness! After 
Vickers Hardness! After Indicated Treatmen Midiented Treatment 


Composition, Pct 


As Hot Rolled’. Aged 750°F 


Heat Heat Heat Heat Heat Heat 2 
Actual As Hot | Treated | Treated | Treated | Treated | Treated | Treated for Indicated Time 
Heat No. Intended Rolled2 | 1450°F2 | 1550°F4 | 1600°F> | 1650°F*% | 1700°F7 | 1750°F8 ai: 
CoN: W 0 Hr 4 Hr 


Titanium-Chromium-Vanadium (1.0 Pet V) 


WG108 Unalloyed 192 155 163 183 | 187 197 219 192 187 
WG115 | 2.5Cr,1.0V 266 277 325 330 334 332 345 266 287 
WG116 | 3.5Cr,1.0V 276 328 357 350 345 362 368 276 282 
WG163 5.0 Cr, 1.0 V 318 309 322 323 341 366 389 318 335 


Titanium-Chromium-Vanadium (2.0 Pct V) 


WG108 Unalloyed 192 155 163 183 187 197 219 192 187 
WG109 | 2.5 Cr, 2.0 V 275 333 343 350 342 345 354 275 285 
WG100 | 3.5 Cr,2.0V 407 437 345 442 357 356 370 407 425 
WG164 | 5.0 Cr, 2.0 V 340 378 433 350 417 | 426 467 340 365 


Titanium-Chromium-Molybdenum (1.0 Pct Mo) 


WG103 Unalloyed 194 157 163 177 172 201 217 194 187 
WG101 | 2.5 Cr, 1.0 Mo 275 259 338 329 319 338 319 275 257 
WG93 3.5 Cr, 1.0 Mo 284 289 309 303 310 352 354 284 300 
WG165 5.0 Cr, 1.0 Mo 312 371 307 343 370 345 310 312 327 


Titanium-Chromium-Molybdenum (2.0 Pct Me) 


WG103 Unalloyed 194 157 163 177 172 201 217 194 187 
WG95 2.5 Cr, 2.0 Mo 327 248 313 287 310° 343 315 327 334 
WG92 3.5 Cr, 2.0 Mo 322 257 312 318 457 467 465 322 322 
WG166 | 5.0 Cr, 2.0 Mo 358 396 400 402 414 414 478 358 384 


Titanium-Chromium-Tungsten (1.0 Pct W) 


WG177 Unalloyed 197 175 183 184 198 200 215 197 196 
WG186 | 2.5 Cr, 1.0 W 267 339 315 315 312 314 319 267 273 
WG183 | 3.5 Cr,1.0 W 303 294 342 319 337 352 386 303 314 
WG180 | 5.0 Cr, 1.0 W 339 362 399 319 297 325 405 339 349 


Titanium-Chromium-Tungsten (2.0 Pet W) 


WG177 Unalloyed 197 175 183 184 198 200 215 197 196 

WG185 |.2.5 Cr, 2.0 W 272 307 329 323 314 322 316 272 281 

WG182 | 3.5 Cr, 2.0 W 332 326 319 306 329 288 349 332 325 

WG179 | 5.0 Cr, 2.0 W 342 322 437 314 431 302 424 342 374 

Titanium-Chromium-Tungsten (3.0 Pct W) 

WG177 Unalloyed 197 175 183 184 198 200 215 197 

WG184 | 2.5 Cr,3.0 W 282 339 327 323 329 316 319 282 397 

WG181 | 3.5 Cr, 3.0 W 334 283 318 301 322 326 314 334 378 

WG178 | 5.0 Cr, 3.0 W 396 443 417 399 369 325 437 396 436 
Titanium-Chromium-Cobalt (1.0 Pct Co) 

WG124 Unalloyed .f 196 156 161 177 188 193 196 1 

WG155 | 2.5 Cr, 1.0 Co 263 353 397 427 400 467 404 Bes oBy 

WG158 | 3.5 Cr, 1.0 Co 315 by ye 433 440 493 446 440 315 351 

WG156 | 5.0 Cr, 1.0 Co 339 492 541 452 522 508 435 339 394 
Titanium-Chromium-Cobalt (2.0 Pct Co) 

WG124 Unalloyed 196 156 161 177 188 193 196 af 

WGI157 | 2.5 Cr, 2.0 Co 274 383 421 479 514 534 519 one ae 

WG159 | 3.5 Cr, 2.0 Co 320 536 500 530 505 519 537 320 343 

WG154 | 5.0 Cr, 2.0 Co 361 397 542 473 433 344 442 361 446 
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Table VI (continued). Aging and Heat-treating Data for Titanium-Chromium Alloys’ Containing Additions of 
Vanadium, Molybdenum, Tungsten, Cobalt, or Nickel—Process A Metal Base 


Heat-Treating Data 


Aging Data 


Vickers Hardness! After Indicated Treatment 


Composition, Pct 


Vickers Hardness! After 
Indicated Treatment 


yt eeay Heat Heat Heat Heat Heat Heat As Hot Rolled’. Aged 750°F 
ctua As Hot | Treated | Treated | Treated | Treated | Treatea | Treated for Indicated Time 
Heat No. Rolled? | 1450°F3 | 1550°F4 | 1600°F5 | 1650°F8 | 1700°F7 | 1750°FS 
Intended Cc N W 0 Hr 4 Hr 
Titanium-Chromium-Nickel (1.0 Pct Ni) 
WG110 Unalloyed 186 158 157 179 181 204 200 186 184 
WG129 | 2.5 Cr, 1.0 Ni 249 350 SIZ, 370 390 401 405 249 264 
WG134 | 3.5 Cr, 1.0 Ni 280 351 368 388 380 377 399 280 300 
WG167 | 5.0 Cr, 1.0 Ni 326 461 464 475 468 490 493 326 337 
Titanium-Chromium-Nickel (2.0 Pct Ni) 
WG110 Unalloyed : 186 158 157 179 181 204 200 186 184 
WG135 | 2.5 Cr, 2.0 Ni 286 421 406 400 392 487 430 286 285 
WG125 | 3.5 Cr, 2.0 Ni 292 483 498 486 503 508 542 292 301 
WG170 | 5.0 Cr, 2.0 Ni 322 503 508 505 519 488 522 322 343 


110-kg load. Hardness at the center of the cross section of the sheet specimen 90° to the surface and 
age of at least 5 readings. 
2 As hot rolled 1450°F. 
8 Heated in air 12 hr at 1450°F and quenched in cold water. 
_ 4 Heated in air % hr at 1550°F and quenched in cold water. 
5 Heated in air % hr at 1600°F and quenched in cold water. 
6 Heated in air 4% hr at 1650°F and quenched in cold water. 
7 Heated in air % hr at 1700°F and quenched in cold water. 
8 Heated in air ¥% hr at 1750°F and quenched in cold water. 


to the rolling direction. Aver- 


® Forged at 1700°F by upsetting the 2%4-in.-diam ingots on edge to 0.250-in. slab, then ground and hot rolled at 1450°F to 0.060-in. 


sheet. 


© CARBIDE PHASE 


© CARBIDE PHASE 
1750 G BETA + CARBIDE ss ALPHA + CARBIDE 
(@ ALPHA + BETA + CARBIDE ALPHA + BETA + CARBIDE 
OH ALPHA + BETA G BETA + CARBIDE 
[6] ALPHA + CARBIDE 
1700 
K 
. 1650 re 
- 2 
g : 
Be 
ti 1600 
a 
= 
iW 
i 
1550) 
1500 
(d 
ae ‘D 2.0 30 40 6.0 70 80 90 100 0 10 rie 3.0 40 aS 60 70 8.0 90 100 
COPPER, PER CENT VANADIUM, PER CENT 
Fig. 14—Effect of 0.25 pet carbon on the trans- . Fig. 15—Effect of 0.25 pet carbon on the trans- 
formation range of titanium—0 to 5.0 pct copper formation range of titanium—0 to 5.0 pet vanadium 
alloys made from process A metal. alloys made from process A metal. 
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Table VII. Properties of Ternary Titanium-Manganese Alloys’ with Additions of Silicon, Chromium, Tungsten, 
or Iron—Process A Metal Base 


Composition, Pct 


As-Hot Rolled Temper! Heat Treated 1600°F? 
Actual 
Tensile Elong., Minimum Tensile Elong., Minimum 
Strength,?| Pct in Bend Strength,?| Pct in Bene 
Heat No.| Intended Cc N W psi 1In. VHN‘ |Radius,5 In. psi 1In. VHN‘ | Radius,° In. 


Dol ape a I SS St Ee es ce DCB I IPN A al er VS Re NUN 
Titanium-Manganese Silicon (1.0 Pct Si) 


WH109 | Unalloyed 84,700 | 18.5 197 3/32 76,900 | 20.5 177 3/32 
WH128 1.75 Mn, 1.0 Si 141,000 6.5 | 266 3/16 134,000 15 | 376 age 
WH127 (2.5 Mn, 1.0 Si 133,300 3.0 287 >1/4* 143,800 1.0 405 Rag 
WH119 |3.5 Mn, 1.0Si 145,400 6.5 | 397 >1/4* 136,900 10% | aoaee ee 
WH1i14 |5.0 Mn,10Si 152,800 45 392 >1/4* 60,600 1.0 419 ct 
Titanium-Manganese-Silicon (2.0 Pet Si) 
WH109 Unalloyed r 84,700 18.5 197 3/32 76,900 20.5 177 3/32 
WH124 | 1.75 Mn, 2.0 Si 151,300 3.0 305 >1/4; 122,400 1.0 383 =1/4t 
WH120 | 2.5 Mn, 2.0 Si 141,300 7.5 315 >1/4* 118,200 2.0 380 >1/47 
WH113 | 3.5 Mn, 2.0 Si 152,500 1.5 349 >1/4* 79,400 0.0 438 >1/44 
WH123 |5.0 Mn,2.0Si 141,000 1.0 356 >1/4* 420 =1/44 
Titanium-Manganesé Chromium (1.0 Pct Cr) 
WH59 Unalloyed 87,400 21.5 195 3/64 82,400 16.0 200 3/32 
WH63_ ‘(| 1.75 Mn, 1.0 Cr 127,500 9.5 260 3/16 129,400 2.0 354 >1/47 
WH64 (2.5 Mn,1.0Cr 120,000 11.5 258 3/16 120,000 1.5 368 >1/47 
WH67 =|3.5 Mn,1.0Cr 135,300 12.0 290 3/16 160,000 1.0 416 >1/47 
WH68 | 5.0 Mn, 1.0 Cr 172,400 7.0 383 3/16 91,800 1.5 459 >1/47 
Titanium-Manganese-Chromium (2.0 Pct Cr) 
WH59 Unalloyed 87,400 21.5 195 3/64 82,400 16.0 200 3/32 
WH70 = ‘|1.75 Mn, 2.0 Cr 132,100 13.5 257 3/16 88,200 1.5 364 >1/4+ 
WH71 [2.5 Mn, 2.0 Cr 126,900 10.5 242 3/16 100,800 1.0 396 >1/4+ 
WH72 [3.5 Mn, 2.0 Cr 157,700 5.0 272 3/16 102,100 0.0 414 >1/4+ 
WH73 = =|5.0 Mn, 2.0 Cr 170,900 5.5 407 >1/4* 97,000 0.0 378 =>1/4¢ 
Titanium-Manganese-Tungsten (1.0 Pct W) 
WH130 Unalloyed 85,000 20.5 196 3/32 80,200 17.5 176 3/32 
WH141 | 1.75 Mn, 1.0 W 116,400 12.5, 252 3/16 144,300 5.0 340 >1/4* 
WH139 |2.5 Mn,1.0W 154,800 7.5 298 3/16 175,000 1.5 346 >1/4+ 
WH135 |[3.5 Mn,1.0W 142,000 12.0 365 3/16 126,700 1.5 409 >1/4+ 
WH131 |5.0 Mn,1.0W 190,700 4.5 337 3/16 124,300 2.0 415 1/4; 
Titanium-Manganese Tungsten (2.0 Pct W) 
WH130 Unalloyed 85,000 20.5 196 3/32 80,200 17.5 176 3/32 
WH140 |1.75 Mn, 2.0 W 137,000 11.0 257 3/16 102,900 0.0 297 >1/4* 
WH136 |2.5 Mn,2.0W 135,000 6.5 356 3/16 141,700 1.5 379 >1/4+ 
WH132 /|3.5 Mn, 2.0 W 157,900 3.5 322 >1/4* 147,800 1.0 371 >1/4+ 
WH129 (5.0 Mn, 2.0 W 153,400 6.5 373 3/16 134,100 2.0 390 >1/4+ 
Titanium-Manganese-Iron (1.0 Pct Fe) 
WH107 Unalloyed 87,500 21.5 205 3/32 74,900 21.0 179 
ie TUS: is none 120,800 | 12.0 271 3/16 164,700 3.0 327 sia 
WH112 (2.5 Mn,1.0Fe 170,000 8.5 260 3/16 101,400 2.0 399 >1/4+ 
WH143 [3.5 Mn,1.0Fe 141,200 10.0 295 3/16 141,300 1.0 432 >1/4+ 
WH118 [5.0 Mn,1.0Fe 144,300 2.0 315 >1/4* 98,000 1.0 413 >1/4} 


Titanium-Manganese Iron (2.0 Pct Fe) 
———— ooo nS 


WH107 | Unalloyed 87,500 21.5 205 3/32 74 

WH111 1.75 Mn, 2.0 Fe 136,500 8.5 291 site oe ane re ee 
WH115 2.5 Mn,2.0Fe 152,000 7.5 336 3/16 65,300 1.5 427 31/47 
WH117 |3.5 Mn, 2.0 Fe 175,000 5.5 373 >1/4* 459 31/44 
WH121 (5.0 Mn,2.0Fe 180,000 2.0 352 3/16 118,300 0.0 359 >1/4¢ 


* Some ductility. 
}~ Very little ductility. 
1As hot rolled 1450°F. 
rire wie ie hr at song and quenched in cold water. 
z 2 itudi Tae ; 5 i : : " 5 } y 

elke ee udina ga specimens 3 in. long by 0.375 in. wide with a 0.250-in.-wide reduced section. Tested with the sur- 
410-kg load. Hardness at thé t Leth i ° : & ; 

abe Gcedinee. ness e center of the cross section of the sheet 90° to the surface and to the rolling direction. Average of at 
5 Mini bahar naei ithout ki ; : ; : Fs re Cert 

ene end radius without cracking on a single longitudinal specimen 3 in. long by 0.5 in. wide. Tested with the surface skin 
6 Forged at 1700°F by upsetting the 2%4-in.-diam ingots on edge to 0.250-in. slab, then ground and hot rolled at 1450°F to 0.060 


j 


-in. sheet. 
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Table VIII. Heat-treating and Aging Data for Ternary Titanium Manganese Alloys’ with Additions of Silicon, 
Chromium, Tungsten, or Iron—Process A Metal Base 


Heat-Treating Data Aging Data 


Vickers Hardness! After Indicated Treatment Vickers Hardness! After 


Indicated Treatment 


Composition, Pct 


ja ae se 


Heat Heat Heat Heat Heat |Treatea | 4S Hot Rolled?. Aged 750°F 
Ne Actual As Hot | Treated |Treated | Treated | Treated Treated Heat for Indicated Time 
eat No. Intended Rolled? | 1450°F3 | 1550°F4| 1600°F> | 1650°F* | 1700°F7 | 1750°F8 
C N W 0 Hr 4Hr 
Titanium-Manganese-Silicon (1.0 Pct Si) 
WH109 Unalloyed 197 167 168 177 186 206 208 197 19 
6 
WH128 /|1.75 Mn, 1.0 Si 266 297 346 376 405 387 362 266 264 
WH127 /|2.5 Mn, 1.0 Si 287 370 364 405 355 441 430 287 298 
WH119 |3.5 Mn, 1.0 Si 397 319 « 461 380 417 464 496 397 320 
WH114 {5.0 Mn, 1.0 Si 392 382 437 419 460 401 444 392 383 
Titanium-Manganese-Silicon (2.0 Pct Si) 
WH109 Unalloyed 197 167 168 177 186 206 208 197 196 
WH124 {1.75 Mn, 2.0 Si 305 274 358 383 401 379 397 305 302 
WH120 |2.5 Mn, 2.0 Si 315 341 442 380 429 450 395 315 302 
WH113 /3.5 Mn, 2.0 Si 349 297 437 438 442 425 397 349 382 
WH123 [5.0 Mn, 2.0 Si 356 389 405 420 450 417 395 356 347 
Titanium-Manganese-Chromium (1.0 Pct Cr) 

“WH59 Unalloyed 195 175 182 200 174 204 215 195 200 
WH63 1.75 Mn, 1.0 Cr 260 281 322 354 319 314 351 260 277 
WH64 [2.5 Mn,1.0Cr 258 273 360 368 363 376 386 258 304 
WH67 3.5 Mn, 1.0 Cr 290 357 383 416 413 403 435 290 307 
WH68 [5.0 Mn,1.0Cr 383 384 441 459 433 421 444 383 405 

Titanium-Manganese-Chromium (2.0 Pct Cr) 
WH59 Unalloyed 195 175 182 200 174 204 215 195 200 
WH70 1.75 Mn, 2.0 Cr 257 346 358 364 366 370 394 257 291 
WH71 = /2.5 Mn,2.0Cr]|. 242 292 351 396 381 360 428 242 262 
WH72 3.5 Mn, 2.0 Cr 272 405 431 414 416 392 390 272 290 
WH73 [5.0 Mn,2.0Cr 407 387 442 378 406 410 415 407 415 

Titanium-Manganese-Tungsten (1.0 Pct W). 

WH130 Unalloyed 196 167 173 176 188 194 216 196 195 
WH141 /|1.75 Mn, 1.0 W 252 270 312 340 309 325 349 252 275 
WH139 |2.5 Mn, 1.0 W 298 262 370 346 318 409 369 298 317 
WH135 |3.5 Mn, 1.0 W 365 328 383 409 394 401 429 365 315 
WH131 |5.0 Mn, 1.0 W 337 361 379 415 413 379 409 337 405 

Titanium-Manganese-Tungsten (2.0 Pct W) 
WH130 Unalloyed 196 167 173 176 188 194 216 196 195 
WH140 |1.75 Mn, 2.0 W 257 274 330 297 339 325 359 257 278 
WH136 |2.5 Mn,2.0 W 356 382 336 379 405 400 373 356 401 
WH132 |3.5 Mn, 2.0 W 322 370 373 371 390 390 384 322 349 
WH129 |5.0 Mn,2.0W 373 376 366 390 383 378 380 373 442 


I ah I ee ee 
Titanium-Manganese-Iron (1.0 Pct Fe) 


WH107 Unalloyed 205 164 167 179 187 205 202 205 195 
WH108 {1.75 Mn, 10 Fe 271 257 344 327 401 429 437 271 264 
WH112 |2.5 Mn,1.0 Fe 260 332 413 399 400 394 438 260 263 
WH143 |3.5 Mn, 1.0 Fe 295 411 424 432 416 405 429 295 303 
WH118 {5.0 Mn, 1.0 Fe 315 383 385 413 433 433 446 315 319 


0 ES Se TAA, ES i SN ec aT A Ys A ee 
Titanium-Manganese-Iron (2.0 Pct Fe) 


WH 205 164 167 179 187 205 202 205 195 
; WHitL 11s Mn 30 Fe 291 387 502 451 481 473 499 291 265 
WH115 |2.5 Mn, 2.0 Fe 336 376 468 427 488 472 483 336 338 
WH117 |3.5 Mn, 2.0 Fe 373 390 426 459 455 437 421 373 364 
WH121 |5.0 Mn,2.0Fe 352 323 427 359 366 373 380 352 373 


; Se A ee ee eee 
110-kg load. Hardness at the center of the cross section of the sheet specimen 90° to the surface and to the rolling direction. Aver- 


age of at least 5 readings. 
2 As hot rolled 1450°F. 


8 Heated in air % hr at 1450°F and quenched in cold water. 
4 Heated in air 1% hr at 1550°F and quenched in cold water. 


5 Heated in air % hr at 1600 
6 Heated in air % hr at 1650 


°F and quenched in cold water. 
°F and quenched in cold water. 


7 Heated in air % hr at 1700°F and quenched in cold water. 


8 Heated in air % hr at 1750°F and quenched in cold water. 
® Forged at 1700°F by upsetting the 2%4-in.-diam ingots 


sheet. 


SSS is ee 


on edge to 0.250-in. slab, then ground and hot rolled at 1450°F to 0.060-in. 
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Fig. 16—Effect of 0.25 


pet carbon on _ the 
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Fig. 19—Effect of 0.5 pct carbon on the trans- 


Fig. 18—Effect of 0.25 pct carbon on the trans- 
formation range of titanium—0 to 10 pct manga- 
nese alloys made from process A metal. 


formation range of titanium—0 to 10 pet manga- 
nese alloys made from process A metal. 
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CARBIDE 
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Fig. 20—Effect of 0.25 pet carbon on the trans- 
formation range of titanium—0 to 2.0 pct iron 
alloys made from process A metal. 
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Fig. 22—Effect of solution treatment on the hard- 
ness of titanium-copper-carbon alloys prepared 
from process A metal. 


properties of the alloys in the as-hot-rolled and 
heat-treated conditions, it will be observed that 
there is a marked decrease in elongation when the 
more highly alloyed compositions are quenched 
from 1600°F. This loss in ductility following heat 
treatment is not evident in the properties of either 
unalloyed titanium or the ternary titanium-silicon- 
carbon alloys where the silicon addition produces 
an insoluble phase. Thus, increased hardness and 
reduced ductility generally characterize the alloys 
water quenched from or near the beta-phase field. 

Of the alloys listed in table I, which show an 
increase in tensile strength as a result of quenching 
from 1600°F, all except two compositions, 5.0 pct 
copper, 0.25 pct carbon, and 3.5 pct manganese, 0.5 
pct carbon, consisted of alpha and beta phases at 
1600°F. 


1750 ° ° ° o CARBIDE PHASE 
©) ALPHA + BETA +CARBID! 
Gl BETA + CARBIDE 


TEMPERATURE, °F. 
8 
io} 


a 
a 
3 


1450 p) 
to) 1.0 2.0 30 40 5.0 60 7.0 80 90 100 


Fig. 21—Effect of 0.25 pet carbon on the trans- 
formation range of titanium—0 to 3 pct cobalt 
alloys made from process A metal. 


HEAT WG 71 
320} (4.55% V, 0.21% C) 


VICKERS HARDNESS 
~) 
o 
(e) 


| | 
re a 


HEAT WG 72 (UNALLO 


140 
AS HOT !450 
ROLLED 


1550 
TEMPERATURE, °F. 


1600 1650 


Fig. 23—Effect of solution treatment on the hard- 
ness of titanium-vanadium-carbon alloys prepared 
from process A metal. 


Age-hardening studies were made on the ti- 
tanium-copper-carbon, titanium-vanadium-carbon, 
titanium-manganese-carbon, and_ titanium-iron- 
carbon alloys by determining the Vickers hardness 
of specimens quenched from 1600 and 1700°F and 
subsequently aging them at 752°F for periods up 
to 12 hr. These aging data are listed in table II and 
shown graphically in fig. 26 to 29. The alloys having 
a high content of copper, manganese, and iron show 
the greatest increase in hardness when they are 


aged at 752°F. The titanium-vanadium-carbon 


alloys showed very little response to aging. Sub- 
sequently, selected compositions from these series 
of alloys which age hardened the most were heat 
treated at 1600 and 1700°F and aged at tempera- 
tures of 400, 500, 600, 700, and 800°F for periods 
up to 24 hr. Fig. 30 to 33 illustrate these data. Hard- 
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Fig. 25—Effect of solution treatment on the hard- 
ness of titanium-iron-carbon alloys prepared from 
process A metal. 


Fig. 24—Effect of solution treatment on the hard- 
ness of titanium-manganese-carbon alloys prepared 
from process A metal. 
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Fig. 27—Effect of aging on the hardness 
of titanium-vanadium-carbon alloys 
prepared from process A metal. 


Fig. 26—Effect of aging on the hardness 
of titanium-copper-carbon alloys pre- 
pared from process A metal. 
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Fig. 33—Aging curves for a titanium-vanadium- 
carbon alloy (WC71), prepared from process A 
metal. 


ness vs. time at the aging temperature are shown 
for the following alloys: 


Fig. 30—5.02 pct copper; 0.25 pct carbon. 

Fig. 31—4.80 pet manganese; 0.21 pct carbon. 
Fig. 32—2.14 pct iron; 0.19 pct carbon. 

Fig. 33—4.55 pet vanadium; 0.21 pct carbon. 


The titanium—4.55 pct vanadium—0.21 pct car- 
bon alloy, as shown by fig. 33, did not age harden. 
The other three alloys age hardened appreciably 
and the effects of temperature are typical of age- 
hardening phenomena. 

Limited data are available in table II showine 
the effect on hardness resulting from aging the as- 
hot-rolled alloys at 750°F. A marked increase in 
hardness was obtained in the alloys containing the 
higher concentrations of chromium and manganese. 
The titanium-silicon-carbon and the titanium- 
cobalt-carbon alloys show no increase in hardness 
as a result of aging the alloys in the as-hot-rolled 
temper. : 

The mechanism of age-hardening is believed to 
be the decomposition of the beta phase retained 
after hot working or quenching. The explanation 
is supported by the fact that, in the alloys contain- 
ing the higher concentrations of either manganese 
or chromium, the beta phase is retained after hot 
working or quenching and these compositions show 
the greatest hardness increase during aging. 


Ternary Titanium-Chromium-Nitrogen Alloys 


The titanium-chromium-nitrogen ternary alloys 
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Fig. 35—Effect of 0.1 
pet nitrogen on the 
transformation range 
of titanium—0 to 5 pet 
chromium alloys made 
from process A metal. 


Fig. 36—Effect of 0.2 
pet nitrogen on the 
transformation range 
of titanium—0 to 5 pct 
chromium alloys made 
from process A metal. 
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Fig. 40—Effect of molybdenum on the properties 
of as-hot-rolled titanium-chromium alloys pre- 
pared from process A metal. 
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Fig. 46—Effect of chromium on the properties of 
as-hot-rolled titanium-manganese binary alloys 
prepared from process A metal. 
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were investigated at the following levels of com- 
position. 

1. Chromium—2.5, 3.5, and 5 pct 

2. Nitrogen—0.1 and 0.2 pct 


Mechanical Properties: The mechanical proper- 
ties of the above alloys, in both the as-hot-rolled 
and heat-treated at 1600°F tempers, are listed in 
table III. Fig. 34 shows the effect of nitrogen by a 
comparison of the properties of the binary and 
ternary alloys in the as-hot-rolled condition. Small 
additions of nitrogen effectively increase the 
strength and hardness but slightly reduce the 
elongation values of titanium-chromium alloys. 

With 0.1 pct nitrogen added to a titanium—5 pct 
chromium alloy, a tensile strength of 187,000 psi 
with 5.0 pct elongation in 1 in., a Vickers hardness 
of 295, and a minimum bend radius of 3t was ob- 
tained in the as-hot-rolled condition. Correspond- 
ing properties for a 5 pct chromium—0.25 pct car- 
bon alloy, prepared from the same chromium metal 
low in nitrogen and oxygen, were 158,000 psi tensile 
strength, 6.5 pct elongation in 1 in., a Vickers hard- 
ness of 288, and a minimum bend radius of 3t. 


Structure and Transformation Range: Specimens 
from the ternary titanium-chromium-nitrogen al- 
loys were quenched from temperatures of 1450, 
1550, 1600, 1650, 1700, and 1750°F. The phase rela- 
tions observed in these alloys when quenched from 
the above temperatures are shown in fig. 35 and 
36. Nitrogen markedly raises the beta solvus line. 
The presence of the alpha phase in a specimen con- 
taining about 2.5 pct chromium and 0.2 pct nitrogen, 
when quenched from 1700°F, is shown in fig. 37. 
When this alloy is heated to 1750°F, the alpha phase 
is no longer present, as shown by fig. 38. Thus, at 
2.5 pet chromium, the beta solvus temperature is 
between 1700 and.1750°F, when about 0.2 pct nitro- 
gen is present, instead of slightly above 1600°F, 
when the nitrogen content is low. This is shown by 
a comparison of the transformation range of the 
binary titanium-chromium alloys with that of the 
titanium-chromium-nitrogen ternary alloys. 


Response to Heat Treatment and Aging: Hard- 
ness data for the ternary titanium-chromium- 
nitrogen alloys after various solution and aging 
treatments are listed in table IV. 

Correlation of the hardness values after heat 
treatment with the phase diagrams, fig. 35 and 36, 
indicates that there was a fairly clear relation be- 
tween the hardness, the quenching temperature, and 
the transformation range. High hardness was ob- 
tained from specimens quenched from the beta- 
phase field or where the beta phase predominates. 

Referring to the mechanical property data listed 
in table III, it will be noted that the solution heat 
treatment has increased the hardness and lowered 
the ductility. Most of these solution-heat-treated 
compositions broke in the tension test with a brittle 
fracture. This condition probably caused the low 
tensile values reported for the heat-treated alloys. 

As shown by the data in table IV, the as-hot- 
rolled alloy containing 5.0 pct chromium and 0.2 
pet nitrogen increased in hardness when it was aged 
at 750°F. 


Ternary Alloys of Titanium and Chromium Con- 
taining Additions of Vanadium, Molybdenum, 
Tungsten, Cobalt, or Nickel: The following ternary 
compositions were investigated: 


1. 2.5, 3.5, 5 pet chromium; 1 and 2 pct vanadium. 


2. 2.5, 3.5, 5 pet chromium; 1 and 2 pct molybde- 
num. 

3. 2.5, 3.5, 5 pet chromium; 1, 2, and 3 pet 
tungsten. 

4. 2.5, 3.5, 5 pet chromium; 1 and 2 pct cobalt. 


5. 2.5, 3.5, 5 pet chromium; 1 and 2 pct nickel. 


Mechanical Properties: The mechanical properties 
of the above alloys in the as-hot-rolled condition 
and after heat treating at 1600°F are listed in table 
V. Fig. 39 to 43 show the effect of the various metal 
additions by comparing the properties of the binary 
and ternary alloys in the as-hot-rolled condition. 

In the titanium—5 pct chromium base, additions 
of 2 pct vanadium, 2 pct molybdenum, 2 and 3 pct 
tungsten, 2 pct cobalt, or 2 pct nickel produced some 
increase in strength. At levels of 2.5 and 3.5 pct 
chromium, the various additions generally pro- 
duced tensile properties quite comparable or in- 
ferior to the binary titanium-chromium alloys. As 
compared to either carbon or nitrogen in the ti- 
tanium-chromium base, the five elements are rela- 
tively ineffective additions. 

The combined effect of nitrogen and carbon in a 
titanium-chromium base is described by the authors 
in another paper of this series on quaternary alloys. 


Structure and Transformation Range: The phase 
relations observed in these ternary alloys when 
quenched from temperatures of 1450, 1550, 1600, 
1650, 1700, and 1750°F are quite comparable to 
that shown in fig. 44 for the titanium-chromium- 
vanadium system. The addition of 1 or 2 pct va- 
nadium, molybdenum, cobalt, or nickel, or 1, 2, or 3 
pet tungsten to the titanium-chromium base lowered 
the beta solvus line. As indicated by the above 
figure, nearly all of these ternary alloys were in the 
beta-phase field when they were quenched from 
1550°F or from higher temperatures. 


Response to Heat Treatment and Aging: Vickers 
hardness data following solution heat treatment at 
temperatures of 1450, 1550, 1600, 1650, 1700, and 
1750°F are listed in table VI. The hardness of these 
alloys increased to some extent when quenched 
from temperatures near or within the beta-phase 
field. 

Referring to the mechanical property data listed 
in table V, it is evident that the ductility of the 
alloys quenched from 1600°F has been greatly 
lowered by the solution treatment and water 
quench. Most of these solution-heat-treated speci- 
mens broke in the tension test with a brittle frac- 
ture. For this reason, the tensile strengths are low. 

The limited age-hardening data listed in table VI 
were obtained by aging these hot-rolled alloys for 
4 hr at 750°F. Slight increases in hardness were 
obtained on several of the compositions containing 
the highest alloy content. This increase was espe- 
cially marked for the 5 pct chromium and 2 pet 
cobalt alloy. 


536—JOURNAL OF METALS, MARCH 1950, TRANSACTIONS AIME, VOL. 188 


A <n 


Ternary Titanium-Manganese Alloys Containing 
Additions of Silicon, Chromium, Tungsten, or Iron: 


The following alloys of titanium, containing 
manganese and one other metal, were investigated: 


1. 1.75, 2.5, 3.5, 5 pet manganese; 1 or 2 pct 
silicon. 


2. 1.75, 2.5, 3.5, 5 pet manganese; 1 or 2 pct 
chromium. 


3. 1.75, 2.5, 3.5, 5 pet manganese; 1 or 2 pct 
tungsten. 


4, 1.75, 2.5, 3.5, 5 pet manganese; 1 or 2 pct 
iron. 


Mechanical Properties: The mechanical proper- 


ties of the above alloys, as-hot-rolled and after heat — 


treating at 1600°F, are listed in table VII. Fig. 45 to 
48 show, respectively, the effect of silicon, chromi- 
um, tungsten, and iron by a comparison of the prop- 
erties of the binary and ternary alloys. These pre- 
liminary data indicate that silicon or chromium 
were not effective alloy additions in the titanium- 
_ Manganese base. One per cent tungsten added to a 
titanium—5 pct manganese alloy and 2 pct iron 
added to alloys containing 1.75 to 5 pct manganese, 
produced tensile strengths about 20,000 psi higher 
than those obtained from the binary titanium- 
manganese base. 

As with the other ternary alloys examined, solu- 
tion heat treatment at 1600°F followed by quench- 
ing in cold water resulted in-very low ductility. In 
the tension test, the heat-treated specimens failed 
with a brittle fracture. Because of this condition, 
the tensile strengths are low. 


Structure and Transformation Range: The phase 
relations observed in the ternary titanium-manga- 
nese-tungsten, and the titanium-manganese-iron 
systems were quite comparable to that shown in 
fig. 49 for the titanium-manganese-chromium sys- 
tem. Chromium, tungsten, and iron, when added to 
a titanium-manganese base, lower the beta solvus 
line. Because of the large amount of the silicon-rich 
phase present in the ternary titanium-manganese- 
silicon alloys, no estimation of the phases present in 
these alloys was possible. This insoluble silicon- 
rich phase undoubtedly accounts for the low ductil- 
ity shown in table VII for the as-hot-rolled titani- 
um-manganese-silicon alloys. 


Response to Heat Treatment and Aging: The 
hardness data following solution heat treatment or 
aging these ternary alloys in the as-hot-rolled 
temper are listed in table VIII. Like the previous 
ternary systems, the titanium-manganese alloys 
containing an added metal (silicon, chromium, 
tungsten, or iron) increased in hardness when they 
were quenched from or near the beta-phase field. 
Aging these ternary titanium-manganese base 
alloys in the as-hot-rolled temper resulted in an 
appreciable increase in hardness of only a few 
alloys as shown in table VIII. Compositions con- 
taining about 5 pct manganese and 1 pct chromium 
and 5 pct manganese and 1 or 2 pct tungsten were 
age hardened appreciably. It appears probable that 
the tensile properties of these alloys in the as-hot- 
rolled temper could be further augmented by a 
simple aging treatment. 


Summary 


The results of a preliminary study of 113 ternary 
titanium-base alloys are described. The composi- 
tions investigated were as follows: 


1. Ternary titanium-carbon alloys containing 
copper, silicon, vanadium, chromium, man- 
ganese, iron, or cobalt. 

2. Ternary titanium-nitrogen alloys containing 
chromium. 

3. Ternary titanium-chromium alloys contain- 
ing additions of vanadium, molybdenum, 
tungsten, cobalt, or nickel. 

4, Ternary titanium-manganese alloys contain- 
ing additions of silicon, chromium, tungsten, 
or iron. 


All of these elements, excepting carbon and 
silicon, are soluble in alpha or beta titanium within 
the composition range studied. 

In general, the addition of 0.25 pct carbon in the 
ternary alloys investigated produced some improve- 
ment in the tensile strength of the as-hot-rolled 
alloys without a serious sacrifice in ductility. At a 
level of 5 pct manganese and 0.25 pct carbon, a 
tensile strength of 190,000 psi and 4 pct elongation 
were obtained in the as-hot-rolled condition. Some- 
what less than 0.25 pct carbon resulted in the 
formation of titanium carbide, indicating limited 
solubility in these alloys. Carbon raises the beta 
solvus line at the lower alloy concentrations of all 
the ternary systems investigated except the ti- 
tanium-chromium-carbon or the titanium-cobalt- 
carbon alloys, in which the opposite effect was pro- 
duced. Some of these compositions in the as-hot- 
rolled condition respond to aging. It is concluded 
that carbon up to about 0.25 pct was generally 
beneficial or permissible in these alloys. 

Additions of 0.1 or 0.2 pct nitrogen to titanium- 
chromium alloys increased the hardness and 
strength but slightly lowered the ductility of the 
as-hot-rolled alloys. At 5 pet chromium and 0.1 pct 
nitrogen, the following properties were obtained: 


Ultimate tensile strength, 186,800 psi 
Elongation in 1 in., 5.0 pet 
Vickers hardness, 295 
Minimum bend radius, 3t 


Nitrogen additions raise the beta solvus tempera- 
tures, particularly with 0.2 pct nitrogen. The 5 pct 
chromium-0.2 pct nitrogen alloy in the as-hot- 
rolled condition increased in hardness when aged 
at 750°F. It is concluded that 0.1 to 0.2 pct nitrogen 
may be a useful addition to the titanium-chromium 
alloys. 

Additions of vanadium, molybdenum, tungsten, 
cobalt, or nickel to titanium-chromium alloys were 
generally not beneficial. These elements lowered 
the beta solvus temperature. The titanium chromi- 
um-cobalt alloys in the as-hot-rolled condition age 
hardened appreciably at 750°F. 

Of the elements introduced into titanium-manga- 


‘nese alloys, silicon appears to be definitely detri- 


mental. Iron increased the strength considerably but 
with a sacrifice in ductility. In these tests, the 
chromium additions were substantially without 
effect on the tensile properties, while 1 pct tungsten 
may be useful. An alloy containing 5 pct manga- 
nese and 1 pct tungsten produced the following 
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Fig. 47—Effect of tungsten on the properties of 
as-hot-rolled titanium-manganese binary alloys 
prepared from process A metal, 
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Fig. 49—Effect of 1.0 and 2.0 pet chromium on the 
transformation range of titanium—1.75 to 5.0 pct 
manganese alloys made from process A metal. 
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Fig. 48-——Effect of iron on the properties of as-hot- 
rolled titanium-manganese binary alloys prepared 
from process A metal. 


properties in the as-hot-rolled temper: 


Ultimate tensile strength, 190,000 psi 
Elongation in 1 in., 4.5 pet 
Vickers hardness number, 337 
Minimum bend radius, 3t 


Chromium, tungsten, and iron lower the beta 
solvus temperature. The 5 pct manganese-1 pct 
tungsten alloy in the as-hot-rolled condition ap- 
pears to age harden. 

In the higher alloy ranges, many of the ternary 
alloys studied increased in hardness when they were 
quenched from the beta-phase field. The hardness 
increase obtained by water quenching from 1600°F 
was accompanied by a loss in ductility. However, 
since hardening occurs by quenching from or near 
the beta field, useful heat treatments may be de- 
veloped. 
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Quaternary Alloys of Titanium 


by C. M. Craighead, O. W. Simmons, and L. W. Eastwood 


Eighty-four quaternary titanium-base alloys from the following 


systems were investigated: 


1. Titanium-chromium-carbon-nitrogen. 

2. Titanium-chromium-carbon with copper, vanadium, molybde- 
num, manganese, iron, or nickel. 

3. Titanium-chromium-nitrogen with vanadium, molybdenum, or 


nickel. 


The tensile properties, minimum bend radii, hardnesses, response 
to heat treatment and aging treatment, and phase relationships 
of these alloys are reported. 


HIS paper is the third in a series describing 

titanium-base alloys. The first paper described 
titanium binary alloys, and the second contained 
data on a large number of titanium ternary alloys. 
Eighty-four heats, comprising three groups of 
quaternary titanium-base alloys, are described in 
this paper as follows: 

1. Titanium-chromium-carbon-nitrogen alloys. 

2. Titanium-chromium-carbon alloys containing 
copper, vanadium, molybdenum, manganese, 
iron, or nickel. 

3. Titanium-chromium-nitrogen alloys containing 

vanadium, molybdenum, or nickel. 

The methods of preparing, fabricating, and testing 
the alloys are described in the paper Binary Ti- 
tanium Alloys. ; 


Quaternary Titanium-Chromium-Carbon- 
’ Nitrogen Alloys 
The properties of titanium-chromium-nitrogen 
and titanium-chromium-carbon ternary alloys have 
been described in the paper Ternary Alloys of Ti- 
‘tanium. Because small amounts of nitrogen and 
carbon both appear to be somewhat beneficial, these 
additions have been investigated fairly completely 
in quaternary alloys containing chromium at the 
following levels of composition: 
2.5, 3.5, and 5.0 pct chromium 
0.25 and 0.5 pct carbon 
0.1 and 0.2 pct nitrogen 
Mechanical Properties: The mechanical properties 
of these alloys are listed in table I. Fig. 1 and 2 
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show graphically a comparison of the tensile prop- 
erties and hardnesses of quaternary alloys with 
those of the titanium-chromium binary alloys. Fig. 
1 shows the comparison at 0.25 pct carbon, whereas 
fig. 2 shows the comparison at 0.5 pct carbon. It is 
concluded from these data that 0.25 pct carbon and 
0.1 pet nitrogen are desirable additions to the 5 pct 
chromium-titanium base. It is further concluded 
that most of this improvement is produced by the 
nitrogen and that carbon is either harmless or 
mildly beneficial, at least up to 0.25 pct. 


Structure and Transformation Range: The effects 
of carbon and nitrogen on the transformation range 


~ of the titanium-chromium alloys were determined 


as part of the routine investigation. Additions of 
0.25 pet carbon and 0.1 pct nitrogen had no ap- 
preciable effect upon the transformation range. 
However, the addition of 0.25 pct carbon and 0.2 pct 
nitrogen definitely raised the beta solvus tempera- 
ture, as shown by fig. 3. 
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Table I. Properties of Quaternary Chromium-Titanium Alloys’ with Additions of Nitrogen and Carbon—Process 


A Metal Base 
PUR Ne al See rel Nae ct ee ee BY) eB 


Composition, Pct As Hot Rolled! Heat Treated 1600°F2 
Actual Tensile Elong., Minimum Tensile Elong., Minimum 
Intended Strength,?| Pctin Bend Strength,?| Pctin Bend 
Heat No. Cr Cc N Ww psi 1 In. VHN:? | Radius,° In. psi 1 In. VHN! | Radius,’ In. 
Titanium-Chromium-Carbon (0.25 Pct C) Nitrogen (0.10 and 0.20 Pct N) 
WG69 Unalloyed 75,000 21.5 163 1/64 62,000 26.0 147 3/64 
WG82 2.5 Cr, 0.25 C, 0.10 N 2.27 152,600 10.0 311 >1/4* 150,000 1.0 352 >1/47 
WG63 3.5 Cr, 0.25 C, 0.10 N 3.41 163,200 7.0 302 3/16 141,900 1.0 323 >1/47 
WG48 5.0 Cr, 0.25 C, 0.10 N 4.31 183,200 6.0 339 3/16 75,700 1.0 336 >1/47 
| 
WG79 2.5 Cr, 0.25 C, 0.20 N 2.29 167,600 6.0 335 >1/4* 151,000 2.5 376 >1/4+ 
WG62 3.5 Cr, 0.25 C, 0.20 N 3.37 181,200 ao 321 >1/47 110,900 1.0 364 >1/47 
WwG49 5.0 Cr, 0.25 C, 0.20 N 4.62 188,600 4.0 319 >1/4* 54,700 0.5 425 >1/47 
Titanium-Chromium-Carbon (0.50 Pet C) Nitrogen (0.10 and 0.20 Pct N) 

WG69 Unalloyed 75,000 21.5 163 1/64 62,000 26.0 147 3/64 
WG73 2.5 Cr, 0.50 C, 0.10 N 2.22 155,700 8.0 289 3/16 149,700 2.0 322 >1/47 
WG59 3.5 Cr, 0.50 C, 0.10 N 3.40 159,700 8.5 277 3/16 130,000 1.0 351 >1/47 
WG52 5.0 Cr, 0.50 C, 0.10 N 5.16 174,100 5.5 294 >1/4* 115,100 0.0 450 >1/4¢ 
WG72 2.5 Cr, 0.50 C, 0.20 N 2.22 166,000 7.0 307 >1/4F 146,900 1.0 350 >1/47 
WG57 3.5 Cr, 0.50 C, 0.20 N 3.26 169,900 4.0 302 >1/4+ 117,700 1.0 331 >1/47 
WwG44 5.0 Cr, 0.50 C, 0.20 N 4.72 190,700 3.0 340 >1/4t 98,700 0.5 417 >1/47 


* Some ductility. 
+ Very little ductility. 
1As hot rolled 1450°F. 


the sheet 90° to the surface and to the rolling direction. 
Average of at least 5 readings. 
5 Minimum bend radius without cracking on a single longi- 
tudinal specimen 3 in. long by 0.5 in. wide. 


Tested with 


2 Heated in air % hr at 1600°F and quenched in cold water. 

8 Average of 2 longitudinal 14-ga sheet specimens, 3 in. long 
by 0.375 in. wide with a 0.250-in.-wide reduced section. 
Tested with the surface skin present. 

410-kg load. Hardness at the center of the cross section of 


the surface skin present. 
6Forged at 1700°F by upsetting the 2%4-in.-diam ingots on 
edge to 0.250-in. slab, then ground and hot rolled at 
1450°F to 0.060-in. sheet. Total reduction 35:1. 
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Fig. 1—Effect of carbon and nitrogen on the prop- 
erties of as-hot-rolled titanium-chromium alloys 
prepared from process A metal. 


Fig. 2—Effect of carbon and nitrogen on the prop- 
erties of as-hot-rolled titanium-chromium alloys. 
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Fig. 3—Effect of 0.25 pet carbon and 0.20 pct nitro- 
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Fig. 5—Effect of vanadium and carbon on the 
properties of as-hot-rolled titanium-chromium al- 
: loys prepared from process A metal. 
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Fig. 6 (right)—Effect of carbon and iron on the 
properties of as-hot-rolled titanium-chromium 
alloys prepared from process A metal. 
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Fig. 4—Effect of copper and carbon on the prop- 
erties of as-hot-rolled titanium-chromium alloys 
prepared from process A metal. 
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Table II. Aging and Heat-treating Data for Quaternary Chromium-Titanium Alloys with Additions of Carbon 
and Nitrogen—Process A Metal Base 


Heat-Treating Data Aging Data 


Vickers Hardness! After 
Composition, Pct Vickers Hardness! After Indicated Treatment Indicated Treatment 


As Hot Rolled,? Aged 


sorta 750°F for Indicated Time 
Heat Heat Heat Heat Heat Heat 
Heat No. Intended As Hot | Treated | Treated | Treated | Treated| Treated | Treated 
Cr C N_ W/| Rolled? | 1450°F3 | 1550°F4 | 1600°F> | 1650°F¢) 1700°F7 | 1750°F 0 Hr 4 Hr 


Titanium — Chromium — Carbon (0.25 Pct C) — Nitrogen (0.10 and 0.20 Pct N) 


WG69 Unalloyed | 163 140 145 147 154 161 183 163 186 
WG82 2.5 Cr, 0.25 C, 0.10 N | 2.27 311 324 330 352 364 368 385 311 350 
WG63 3.5 Cr, 0.25-C, 0.10 N | 3.41 302 314 306 323 317 317 312 302 357 
WG48 5.0 Cr, 0.25 C, 0.10 N | 4.31 339 337 305 336 312 350 407 339 433 
WG79 2.5 Cr, 0.25 C, 0.20 N | 2.29 335 357 330 376 381 401 401 335 376 
WG62 3.5 Cr, 0.25 C, 0.20 N | 3.37 321 352 379 364 366 360 359 321 398 
WwG49 5.0 Cr, 0.25 C, 0.20 N | 4.62 319 395 406 425 405 376 417 319 404 


Titanium — Chromium — Carbon (0.50 Pct C) — Nitregen (0.10 and 0.20 Pct N) 


WG69 Unalloyed 163 140 145 147 154 161 183 163 186 
WG73 2.5 Cr, 0.50 C,0.10 N | 2.22 289 280 310 322 314 321 330 289 357 
WG59 3.5 Cr, 0.50 C,0.10 N | 3.40 277 340 357 351 361 354 366 277 345 
WG52 5.0 Cr, 0.50 C, 0.10 N | 5.16 294 373 442 450 328 320 417 294 365 
WG72 2.5 Cr, 0.50 C, 0.20 N 2.22 307 322 346 350 358 360 372 307 378 
WG57 3.5 Cr, 0.50 C, 0.20 N | 3.26 302 340 312 331 332 330 333 302 383 
wG44 5.0 Cr, 0.50 C,0.20 N | 4.72 340 403 365 417 359 351 360 340 411 
110-kg load. Hardness at the center of the cross section of 4 Heated in air % hr at 1550°F and quenched in cold water. 

the sheet specimen 90° to the surface and to the rolling 5 Heated in air % hr at 1600°F and quenched in cold water. 

direction. Average of at least 5 readings. 6 Heated in air % hr at 1650°F and quenched in cold water. 
2As hot rolled 1450°F. 7 Heated in air % hr at 1700°F and quenched in cold water. 
3 Heated in air % hr at 1450°F and quenched in cold water. 8 Heated in air % hr at 1750°F and quenched in cold water. 
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eo 


In this figure, the alpha, alpha-plus-beta, and 
beta fields for the titanium-chromium diagram are 
shown by the dashed lines. The existence of alpha- 
plus-beta structures above the dashed line separat- 
ing the alpha-plus-beta field from the beta field 
indicates that the addition of 0.25 pct carbon and 
0.2 pct nitrogen raises the beta solvus temperatures. 
This increase in the beta solvus temperature is the 
direct result of the nitrogen addition since carbon 
in titanium-chromium alloys tends to lower the 
beta solvus line. These separate effects of nitrogen 
and carbon in titanium-chromium alloys are shown 
in the paper on ternary alloys. One half per cent 
carbon and 0.1 pct nitrogen tend to lower the beta 
solvus temperature very slightly, whereas 0.5 pct 
carbon and 0.2 pct nitrogen tend to raise the beta 
solvus line. These effects at the mentioned levels of 
composition are not shown graphically. It is quite 
obvious, however, that these changes in the beta 
solvus temperature are a direct result of the two 
opposite effects of carbon and nitrogen on the beta 
solvus temperatures of titanium-chromium alloys. 
Fig. 3 also shows that even 0.25 pct carbon addition 
introduces the titanium carbide phase in this alloy 
throughout the temperature range investigated. 
This indicates that the solubility of carbon is some- 
what less than 0.25 pct. 


Response to Heat Treatment and Aging: The 
hardnesses of the various quaternary alloys after 
solution heat treatment at several temperatures and 
after an aging treatment are listed in table II. The 
as-quenched hardnesses of these alloys generally 
increase with an increase in quenching tempera- 
ture. At 5 pct chromium, the increase is quite 
marked, even at the lower quenching temperatures. 
As shown by the data in table I, quenching from 
1600°F has not had a beneficial effect on the tensile 
properties. It is quite possible, however, that use- 
ful heat treatments may be developed for alloys of 
this type. 

Aging of titanium-chromium-carbon-nitrogen al- 
loys in the as-hot-rolled condition for 4 hr at 750°F 
resulted in an increase of 40 to 90 points in Vickers 
hardness. Thus, it may be possible to improve 
further the tensile strength of the quaternary ti- 
tanium-chromium-carbon-nitrogen alloys by aging 
them after they have been hot formed. However, 
the effects of such treatments on the tensile proper- 
ties have not yet been investigated. 

Quaternary Titanium-Chromium-Carbon Alloys 
Containing One Additional Metal: Quaternary ti- 
tanium-chromium-carbon alloys containing copper, 
vanadium, iron, molybdenum, manganese, or nickel 
were investigated. The base material contained 0.25 
pet carbon and 2.5, 3.5, or 5 pct chromium to which 
a fourth element was added as follows: 


Pet 
Copper —land2 
Vanadium —land2 
Tron —land2 
Molybdenum —land2 
Manganese —land2 
’ Nickel —land2 


Mechanical Properties: The composition, tensile 
properties, hardnesses, and minimum bend radii of 
the alloys in the as-hot-rolled condition and after 
heat treatment at 1600°F are listed in table III. 


Comparisons of the mechanical properties of the 
quaternary alloys with the titanium-chromium 
binary alloys are shown by fig. 4 to 9, inclusive. 
These figures show the comparison of the properties 
of the alloys in the as-hot-rolled condition only. 
As shown in the paper on ternary alloys, 0.25 pct 
carbon does not produce a marked effect on the 
properties of the titanium-chromium alloys. It is 
also useful to compare the properties of the ti- 
tanium-chromium-0.25 pct carbon ternary alloys 
with the data represented by fig. 4 to 9, inclusive. 
It is concluded that 1 and 2 pct iron or manganese 
produce some improvement in tensile properties in 
the alloys containing 0.25 pct carbon and 2.5 to 5 
pet chromium, and that 1 and 2 pct vanadium is 
beneficial in the 5 pct chromium-0.25 pct carbon 
alloys. 


Structure and Transformation Range: As part of 
the routine investigation, the transformation range 
of the quaternary. alloys was determined and com- 
pared with the transformation range of the titani- 
um-chromium binary alloys. The chromium addi- 
tion, of course, greatly lowers the beta solvus tem- 
peratures and restricts the alpha field, as shown by 
the dashed lines in fig. 10. When 0.25 pct carbon 
and either 1 or 2 pct of copper, vanadium, molybde- 
num, manganese, iron, or nickel are added to the 
titanium-chromium base, the beta solvus tempera- 
ture is still further lowered, as indicated by fig. 10. 
An examination of this figure shows that the beta- 
phase field extends to lower temperatures for the 
quaternary alloys than for the titanium-chromium 
binary alloys. This figure indicates the phase rela- 
tions of the quaternary alloys containing titanium, 
chromium, carbon, and copper. Effects similar to 
those shown in this figure were obtained with addi- 
tions of 0.25 pct carbon with 1 and 2 pct vanadium, 
molybdenum, manganese, iron, or nickel. The por- 
tion of the diagram below 1450°F has not yet been 
developed. Because of the carbon content of the 
quaternary alloys, this element has caused the 
formation of titanium carbide throughout the entire 
temperature range, indicating that the solubility of 
earbon in these alloys at temperatures from 1450 
to 1750°F is less than 0.25 pct. 


Response to Heat Treatment and Aging: Table IV 
contains the hardness data on these quaternary 
alloys in the as-hot-rolled condition and after they 
have been quenched from 1450, 1550, 1600, 1650, 
1700, and 1750°F. In addition, hardnesses are given 
for the alloys after they have been aged in the as- 
hot-rolled condition for 4 hr at 750°F. Table III 
contains the data on tensile properties of alloys 
after they were quenched from 1600°F. All of these 
alloys are hardened to some extent when they are 
quenched from the beta field. In general, this in- 
crease in hardness is greater the higher the quench- 
ing temperature and the higher the alloy content 
of the metal, at least within the limits of composi- 
tion investigated. Although hardening does take 
place, as a result of the heat-treating operation, a 
quench from 1600°F does not produce a beneficial 
effect on the tensile properties. It is quite possible, 
however, that useful heat treatments may be de- 
veloped for these alloys. 

An examination of the aging data listed in table 


IV shows that most of these quaternary alloys in 
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Table Ill. Properties of Quaternary Chromium-Titanium Alloys’ with Additions of Carbon and One Other Metal 
—Process A Metal Base 


Composition, Pct As Hot Rolled? Heat Treated 1600°F? 


Actual Tensile Elong., Minimum Tensile Elong., Minimum 
. ‘ a 
Strength,?| Pct in Bend Strength,?| Pctin Ce 
camtenes es Fo Se, at 1In._ | VHN: | Radius, In. psi 1In. | VHN‘ | Radius,? In. 
Titanium-Chromium-0.25 Pct Carbon-1.0 and 2.0 Pct Copper 
15 151 3/64 
WG32 Unalloyed 77,400 18.5 163 3/64 71,500 2 
WG30 2.5 Cr, 1.0 Cu, 0.25 C | 2.45 Cr | 1.04 Cu 132,900 11.5 287 3/16 144,700 5 338 =i 
WG22 3.5 Er, 1:0 Cu; 0:25 C } 3.51 Cr |.1:05 Cu 131,400 14.5 313 3/16 129,400 0.0 a8 mee 
WG24 | 5.0 Cr, 1.0 Cu, 0.25 C | 4.78 Cr | 0.94 Cu 132,100 8.5 309 3/16 82,900 0.0 07 >1/4+ 
; 1/47 
WG28 2.5 Cr,.2.0 Cu, 0.25 C | 2.81 Cr }2.01 Cu 151,300 8.0 322 3/16 163,800 1.0 376 = 
WG26 3.5 Cr, 2.0-Cu,_0.25-C| 3:19'Cr | 2.01 Cu 144,000 11.0 309 3/16 110,700 1.5 364 eae 
WG20 | 5.0 Cr, 2.0 Cu, 0.25 C | 5.03 Cr |2.07 Cu 163,900 Dip 376 >1/4¢ 456 >1/47 
1 
Titanium-Chromium-0.25 Pct Carbon-1.0 and 2.0 Pct Vanadium 
108 Unalloyed 85,400 20.5 192 3/64 76,900 13.0 183 3/64 
waieo P45) Cr, 1.0 Vv. 0.25 Cc 125,000 10.0 347 >1/4 137,500 2.0 322 >1/4 
WG102 | 3.5 Cr, 1.0 V, 0.25 C 137,500 11.0 297 3/16 130,500 2.0 346 >1/4 
WH30 5.0 Cr, 1.0 V, 0.25 C 171,900 5.0 336 3/16 63,300 0.5 464 >1/4+ 
WG99 | 2.5 Cr, 2.0 V,0.25C 142,200 Tb 292 3/16 146,700 0.0 342) >1/4 
WG121 | 3.5 Cr, 2.0 V, 0.25 C 160,500 5.0 327 3/16 121,800 2.0 322 >1/4 
WG29 5.0 Cr, 2:0 V, 0.25 C 189,700 Bi) 378 3/16 75,000 0.0 464 >1/4+ 
Titanium-Chromium-0.25 Pct Carbon-1.0 and 2.0 Pct Molybdenum 
WG103 Unalloyed 82,700 20.0 194 1/8 78,800 12.5 177 1/8 
WG104 | 2.5 Cr, 1.0 Mo, 0.25 C 145,400 ies} 301 3/16 142,100 2.0 328 >1/4 
WG106 | 3.5 Cr, 1.0 Mo, 0.25 C 150,800 8.0 315 3/16 125,700 2.0 301 >1/4 
WH31 5.0 Cr; 1.0 Mo, 0.25 C 159,200 5.0 370 3/16 84,700 0.0 464 >1/47 
WG105 | 2.5 Cr, 2.0 Mo, 0.25 C 146,100 8.0 326 >1/4* 130,500 2.5 305 >1/4 
WG107 | 3.5 Cr, 2.0 Mo, 0.25 C 152,400 6.5 272 >1/4* 131,300 1.0 324 >1/4 
WH32 5.0 Cr, 2.0 Mo, 0.25 C 186,800 2.0 366 >1/47 120,500 2.0 334 >1/4+ 
Titanium-Chremium-0.25 Pct Carbon-1.0 and 2.0 Pct Manganese 
WG32 Unalloyed 77,400 18.5 163 3/64 71,500 21:5 151 3/64 
WG33 | 2.5 Cr, 1.0 Mn, 0.25 C| 2.42 Cr | 1.68 Mn 151,100 10.0 249 3/16 144,400 1.0 326 >1/47 
WG35 | 3.5 Cr, 1.0 Mn, 0.25 C| 3.33 Cr |1.61 Mn 162,400 4.5 272 3/16 113,800 0.0 334 >1/47 
WG39 | 5.0 Cr, 1.0 Mn, 0.25 C} 4.05 Cr | 1.45 Mn 177,200 . 4.5 sully >1/4+ 94,700 1.0 316 >1/4+ 
WG34 | 2.5 Cr, 2.0 Mn, 0.25 C| 2.30 Cr |2.50 Mn 176,300 4.0 294 >1/4* 140,400 1.0 331 >1/4+ 
WG36 3.5 Cr, 2.0 Mn, 0.25 C} 3.28 Cr |2.18 Mn 137,800 9.5 260 3/16 114,700 1.0 328 >1/47 
wG40 5.0 Cr, 2.0 Mn, 0.25 C} 4.63 Cr |2.02 Mn 194,400 2.0 340 3/16 132,400 2.5 425 >1/4+ 
Titanium-Chromium-0.25 Pct Carbon-1.0 and 2.0 Pct Iron 
WG32 Unalloyed 77,400 18.5 163 3/64 71,500 21.5 151 3/64 
WG21 | 2.5 Cr, 1.0 Fe, 0.25 C | 2.64 Cr |1.26 Fe 152,900 7.5 312 3/16 127,400 1.0 390 >1/4* 
WG23 | 3.5 Cr, 1.0 Fe,0.25C | 3.15 Cr |1.18 Fe 171,700 7.0 288 3/16 473 >1/4* 
WG29 | 5.0 Cr, 1.0 Fe, 0.25 C |} 4.88 Cr |1.25 Fe 165,000 4.5 355 3/16 131,300 0.0 490 >1/47 
WG25 | 2.5 Cr, 2.0 Fe, 0.25 C | 2.84 Cr |2.15 Fe 147,400 RED 322 >1/4* 498 >1/4+ 
WG27 | 3.5 Cr, 2.0 Fe, 0.25 C | 3.93 Cr |1.42 Fe 190,700 6.0 373 3 479 >1/47 
WG31 5.0 Cr, 2.0 Fe, 0.25 C | 4.66 Cr |2.15 Fe 198,000 4.0 401 >1/4+ 160,300 1.0 455 >1/4; 


Titanium-Chromium-0.25 Pct Carbon-1.0 and 2.0 Pct Nickel 


WG110 Unalloyed | 85,700 
WG138 | 2.5 Cr, 1.0 Ni, 0.25 C 133,300 
WG130 | 3.5 Cr, 1.0 Ni, 0.25 C 146,500 
WH24 5.0 Cr, 1.0 Ni, 0.25 C 166,800 
WG139 | 2.5 Cr, 2.0 Ni, 0.25 C 138,400 
WG126 | 3.5 Cr, 2.0 Ni, 0.25 C 147,500 
WH28 5.0 Cr, 2.0 Ni, 0.25 C : 173,000 


* Some ductility. 

+ Very little ductility. 

1As hot rolled 1450°F. 

2 Heated in air % hr at 1600°F and quenched in cold water. 

3 Average of 2 longitudinal 14-ga sheet specimens, 3 in. long 
by 0.375 in. wide with a 0.250-in.-wide reduced section. 
Tested with the surface skin present. 

410-kg load. Hardness at the center of the cross section of 


22.0 186 1/16 77,000 12.0 179 3/32 

16.0 280 3/16 98,200 1.0 405 >1/4 
9.0 294 3716 76,300 0.5 370 >1/4 
1.5 429 3/16 86,700 0.0 372 >1/44 
9:5 296 3/16 96,700 2.0 412 >1/4 
8.0 320 3/16 572 >1/4 
4.0 329 3/16 464 >1/4+ 


the sheet 90° to the surface and to the rolling direction. 
Average of at least 5 readings. 

5 Minimum bend radius without cracking on a single longi- 
tudinal specimen 3 in. long by 0.5 in. wide. Tested with 
the surface skin present. 

6 Forged at 1700°F by upsetting the 2%4-in.-diam ingots on 
edge to 0.250-in. slab, then ground and hot rolled at 
1450°F to 0.060-in. sheet. Total reduction 35:1. 
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Table IV. Aging and Heat-treating Data for Quaternary Chromium-Titanium Alloys with Additions of Carbon 
and One Metal—Process A Metal Base 


Heat-Treating Data Aging Data 


Vickers Hardness! 


Composition, Pct Vickers Hardness! After Indicated Treatment After Indicated 
Treatment 


As Hot Rolled,2 


Actual Heat Heat Heat Heat Heat Heat Aged 750° for 

Heat No. Intended As Hot | Treated | Treated | Treated | Treated| Treated | Treated | Idicated Time 
| Rolled? | 1450°F3 | 1550°F4 | 1600°F5 | 1650°F¢ | 1700°F7 IBOOR Salas. et nc ee 

CN W 0 Hr 4 Hr 


Titanium-Chromium-0.25 Pct Cacbon-1.0 and 2.0 Pct Copper 


WG32 Unalloyed 163 138 133 151 175 200 206 163 200 
WGs30 | 2.5 Cr, 1.0 Cu, 0.25 C} 2.45 Cr |1.04 Cu 287 311 357 338 349 387 413 287 329 
WG22 | 3.5 Cr, 1.0 Cu, 0.25 C |} 3.51 Cr |1.05 Cu 313 358 373 336 352 417 387 313 358 
WG24 | 5.0 Cr, 1.0 Cu, 0.25 C |} 4.78 Cr |0.94 Cu 309 437 387 407 346 345 439 309 357 
WG28 | 2.5 Cr, 2.0 Cu, 0.25 C | 2.81 Cr | 2.01 Cu 322 339 376 376 384 396 398 322 335 
WG26 | 3.5 Cr, 2.0 Cu, 0.25 C | 3.19 Cr |2.01 Cu 309 421 394 364 340 370 361 309 352 
WG20 | 5.0 Cr, 2.0 Cu, 0.25 C | 5.03 Cr |2.07 Cu 376 461 466 456 487 498 498 376 432 
Titanium-Chromium-0.25-Pct Carbon-1.0 and 2.0 Pct Vanadium 
WG108 Unalloyed 192 155 163 183 187 197 219 192 187 
WG120 | 2.5 Cr, 1.0 V, 0.25 C 347 345 325 322 327 281 262 347 268 
WG102 | 3.5 Cr, 1.0 V, 0.25 C 297 301 342 346 358 367 397 297 310 
WH30 | 5.0 Cr, 1.0 V, 0.25 C 336 453 498 464 518 467 493 336 398 
“ wWGg99 | 2.5 Cr, 2.0 V, 0.25 C 292 317 323 342 357 352 348 292 290 
WG121 | 3.5 Cr, 2.0 V, 0.25 C 327 310 335 322 314 349 379 327 341 
WH29 | 5.0 Cr, 2.0 V, 0.25 C 378 427 425 464 468 480 483 378 437 
Titanium-Chromium-0.25 Pet Carbon-1.0 and 2.0 Pct Molybdenum 
WG103 | Unalloyed , 194 157 163 177 172 201 217 194 187 
WG104 | 2.5 Cr, 1.0 Mo, 0.25 C 301 294 157 328 177 321 337 301 318 
WG106 | 3.5 Cr, 1.0 Mo, 0.25 C 315 354 302 301 300 306 308 315 332 
WH31 | 5.0 Cr, 1.0 Mo, 0.25 C 370 413 423 464 453 459 441 370 366 
WG105 | 2.5 Cr, 2.0 Mo, 0.25 C 326 381 332 305 315 298 380 326 333 
WG107 | 3.5 Cr, 2.0 Mo, 0.25 C 390 273 313 324 313 351 468 390 461 
WH32 15.0 Cr, 2.0 Mo, 0.25 C 366 383 365 334 383 425 355 366 480 
Titanium-Chromium-0.25 Pct Carbon-1.0 and 2.0 Pct Manganese 
WG32 : Unalloyed 163 138 133 151 175 200 206 163 200 
WG33 | 2.5 Cr, 1.0 Mn, 0.25 C} 2.42 Cr |1.68 Mn 249 294 312 326 338 345 341 . 249 337 
WG35 | 3.5 Cr, 1.0 Mn, 0.25 C| 3.33 Cr | 1.61 Mn 272 336 314 334 348 368 319 272 349 
WG39 | 5.0 Cr, 1-0 Mn, 0.25 C| 4.05 Cr | 1.45 Mn 317 351 306 316 366 354 367 317 428 
WG34 | 2.5 Cr, 2.0 Mn, 0.25 C} 2.30 Cr 2.50 Mn 294 292 312 331 322 403 319° 294 349 
WG36 | 3.5 Cr, 2.0 Mn, 0.25 C| 3.28 Cr |2.18 Mn 260 319 328 328 301 342 341 260 398 
WG40 | 5.0 Cr, 2.0 Mn, 0.25 C| 4.63 Cr | 2.02 Mn 340 431 430 425 366 366 417 340 426 
Titanium-Chromium-0.25 Pct Carbon-1.0 and 2.0 Pct Iron 
WG32 Unalloyed 163 138 133 151 175 200 206 163 200 
WG21 | 2.5Cr,1.0 Fe, 0.25-C | 2.64 Cr |1.26 Fe 312 340 401 390 418 400 423 312 344 
WG23 | 3.5 Cr, 1.0 Fe, 0.25 C | 3.15 Cr |1.18 Fe 288 405 - 372 473 437 461 460 288 334 
WG29 | 5.0 Cr, 1.0 Fe, 0.25 C | 4.88 Cr | 1.25 Fe 355 431 498 490 494 505 442 355 379 
WG25 | 2.5 Cr, 2.0 Fe, 0.25 C | 2.84 Cr |2.15 Fe 322 395 498 498 462 485 494 322 372 
WG27 | 3.5 Cr, 2.0 Fe, 0.25 C | 3.93 Cr |1.42 Fe 373 442 432 479 459 495 458 373 381 
WG31 | 5.0 Cr, 2.0 Fe, 0.25 C | 4.66 Cr |2.15 Fe 401 441 443 455 514 464 461 401 437 


Titanium-Chromium-0.25 Pct Carbon-1.0 and 2.0 Pct Nickel 


a 


—M Unalloyed 186 158 157 179 181 204 200 186 184 
Waiss 2:5)Cr;4-0 Ni, 0.25 (e 280 360 405 405 421 442 459 280 287 
WG130 | 3.5 Cr, 1.0 Ni, 0.25 C 294 384 355 370 405 405 395 294 304 
WH24 | 5.0 Cr, 1.0 Ni, 0.25 C 429 483 442 372 488 485 493 429 405 

a Ae ‘Ni, 0.25 C 296 420 394 412 493 480 494 296 315 

wWaiee a CE. 20 Ni, 0.25 C 320 506 488 572 542 546 530 320 335 

WH28 | 5.0 Cr, 2.0 Ni, 0.25 C 349 437 466 464 485 479 442 349 373 
110- & ; at the center of the cross section of 4Heated in air ¥2 hr at 1550°F and quenched in cold water. 
eet eran “90° - the surface and to the rolling 5 Heated in air % hr at 1600°F and quenched in cold water. 
direction. Average of at least 5 readings. 6 Heated in air % hr at 1650°F and quenched in cold water. 
: i 7 Heated in air % hr at 1700°F and quenched in cold water. 


2 As hot rolled 1450°F. 


3 Heated in air % hr at 1450°F and, quenched in cold water. 8 Heated in air Ye hr at 1750°F and quenched in cold water. 
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Table V. Properties of Quaternary Chromium-Titanium Alloys’ with Additions of Nitrogen Plus Metals—Process 


A Metal Base , 
Composition, Pct As Hot Rolled Heat Treated 1600°F? 
Actual Tensile Elong., Minimum Tensile Elong., Minimum 
Heat No. Intended ——_—_—_——__| Strength,? Pectin Bend Strength,?| Pctin Bend 
Cc N W psi 1In. VHN‘ | Radius,° In. psi 1In. VHN+* Radius,° In. 


TVitanium-Chromium-1.0 Pct Vanadium-0.10 and 0.20 Pet Nitrogen 


WG1038 Unalloyed 85,400 20.5 192 3/64 76,900 13.0 183 3/64 
WG141 2.5 Cr, 1.0 V, 0.10 N 147,700 11.0 303 3/16 146,900 2.0 366 >1/4 
WG133 3.0 Cr, 1.0 V, 0.10 N 161,800 8.5 324 3/16 75,600 35 384 >1/4 
WH56 5.0 Cr, 1.0 V, 0.10 N 170,300 5.0 344 3/16 53,100 1.0 373 >1/4t 
WG127 2.5 Cr, 1.0 V, 0.20 N 160,600 9.0 357 >1/4* 90,700 0.5 380 >1/4 
WG136 3.5 Cr, 1.0 V, 0.20 N 172,100 9.0 387 3/16 89,900 1.0 387 >1/4 
WH55 5.0 Cr, 1.0 V, 0.20 N 207,800 3.5 390 >1/4* 85,700 0.0 536 >1/4t 
Titanium-Chromium-2.0 Pct Vanadium-0.10 and 0.20 Pct Nitrogen 
WG108 Unalloyed 85,400 20.5 192 3/64 76,900 13.0 183 3/64 
WG128 2.5 Cr, 2.0 V, 0.10 N 154,700 11.0 307 3/16 128,200 0.0 384 >1/4 
WG137 3.5 Cr, 2.0 V, 0.10 N 165,700 7.0 337 3/16 72,100 0.0 375 >1/4 
WH54 5.0 Cr, 2.0 V, 0.10 N 181,400 4.0 434 >1/47 62,000 0.5 519 >1/4t 
WG132 2.5 Cr, 2.0 V, 0.20 N 166,900 2.0 355 3/16 79,000 0.5 391 >1/4 
WG140 3.5 Cr, 2.0 V, 0.20 N 177,200 6.0 383 3/16 63,300 0.5 431 >1/4 
WH50 5.0 Cr, 2.0 V, 0.20 N 200,000 3.0 383 >1/47 41,300 0.0 542 >1/47 
Titanium-Chromium-1.0 Pct Molybdenum-0.10 and 0.20 Pct Nitrogen 
WG103 Unalloyed 82,700 20.0 194 1/8 78,800 12.5 5 yr Ay 1/8 
WGl1ll 2.5 Cr, 1.0 Mo, 0.10 N 143,600 8.5 313 3/16 118,800 2.0 24 fi >1/4 
WG123 3.5 Cr, 1.0 Mo, 0.10 N 157,400 7.0 337 3/16 128,700 yg 400 >1/4 
WH49 5.0 Cr, 1.0 Mo, 0.10 N 175,000 4.5 367 3/16 100,000 1S 413 >1/4+ 
WG113 2.5 Cr, 1.0 Mo, 0.20 N 188,500 6.0 378 3/16 84,500 0.0 387 >1/4 
WG119 3.5 Cr, 1.0 Mo, 0.20 N 190,000 7.0 379 3/16 73,500 1.0 425 >1/4 
WH47 5.0 Cr, 1.0 Mo, 0.20 N 191,900 4.5 501 >1/47 85,300 1.0 473 <> 1/45 
Titanium-Chromium-2.0 Pct Molybdenum-0.10 and 0.20 Pct Nitrogen 
WG103 Unalloyed 82,700 20.0 194 1/8 78,800 12.5 177 1/8 
WG118 2.5 Cr, 2.0 Mo, 0.10 N 166,400 6.5 336 3/16 125,800 2.0 347 >1/4 
WG114 3.5 Cr, 2.0 Mo, 0.10 N 176,600 6.0 375 3/16 111,000 2.0 341 >1/4* 
WH46 5.0 Cr, 2.0 Mo, 0.10 193,100 2.0 380 >1/4F¢ 96,500 0.0 433 >1/4+ 
WG122 2.5 Cr, 2.0 Mo, 0.20 N 181,300 6.0 375 3/16 114,100 1.0 386 >1/4 
WG112 3.5 Cr, 2.0 Mo, 0.20 N 179,500 6.0 377 >1/4* 104,700 1.5 414 >1/4 
WH45 5.0. Cr, 2.0 Mo. 0.20 N 201,200 2.0 411 >1/4; 96,700 0.5 482 >1/4¢ 
Titanium-Chromium-1.0 Pct Nickel-0.10 and 0.20 Pct Nitrogen 
WG110 Unalloyed 85,700 22.0 186 1/16 77,000 12.0 179 3/32 
WG150 2.5 Cr, 1.0 Ni, 0.10 N 138,600 11.0 298 3/16 109,400 2.0 409 >1/4 
WG152 3.5 Cr, 1.0 Ni, 0.10 N 143,400 8.0 326 3/16 416 >1/4 
WH23 5.0 Cr, 1.0 Ni, 0.10 N 182,000 5.0 377 3/16 514 >1/4t 
WG146 2.5 Cr, 1.0 Ni, 0.20 N 162,900 10.0 339 3/16 88,300 1.0 434 >1/4 
WGl149 -: 3.5 Cr, 1.0 Ni, 0.20 N 171,900 7.0 360 3/16 68,000 0.0 429 >1/4 
WH43 5.0 Cr, 1.0 Ni, 0.20 N 175,300 4.5 419 3/16 70,600 0.0 430 >1/4+ 
' Titanium-Chromium-2.0-Pct Nickel-0.10 and 0.20 Pct Nitrogen 
WG110 Unalloyed 85,700 22.0 186 1/16 77,000 12.0 
WG148 2.5 Cr, 2.0 Ni, 0.10 N 153,100 10.5 326 oie rts Sethe 
WG144 3:0) Cr;:2.0 Ni, 0.10N| ~ 163,100 8.0 333 3/16 502 +1/4 
WH26 5.0 Cr, 2.0 Ni, 0.10 N 171,500 5.0 440 3/16 50,000 0.0 510 >1/44 
WGI151 2.5 Cr, 2.0 Ni, 0.20 N 171,100 6.5 356 3/16 484 i >1/4 
WG145 3.5 Cr, 2.0 Ni, 0.20 N 168,300 3.5 353 3/16 464 >1/4 
_ WH27 5.0 Cr, 2.0 Ni, 0.20 N 194,700 3.0 417 3/16 548 S14 
[44 
* Some ductility. ‘10-kg load. Hardness at the center of the cross section of 
7 Very little ductility. the sheet. 90° to the surface and to the rolling direction. 
1 As hot rolled 1450°F, : Average of at least 5 readings. 
2 Heated in air % hr at 1600°F and quenched in cold water. *fimimum bend radius without cracking on a single longi- 
3 Average of 2 longitudinal 14-ga sheet specimens, 3 in. long el eaee re sae 3 see ons by 0.5 in. wide. Tested with 
by 0.375 in. wide with a 0.250-in.-wide reduced section. 6 Forged at Lanes he acetine the 2¥4-in.-di 7 + 
' : -in.-diam 
Tested with the surface skin present. edge to 0.250-in. slab, then ground and hot Folied ae 


1450°F to 0.060-in. sheet. Total reduction 35:1. 
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Table VI. Aging and Heat-treating Data for Quaternary Chromium-Titanium Alloys with Additions of Nitrogen 
Plus Metals—Process A Metal Base 


Heat-Treating Data Aging Data 


Vickers Hardness! After 


Composition, Pct Indicated Treatment - 


Vickers Hardness! After Indicated Treatment 


As Hot Rolled,2 
Aged 750°F f 
Actual Heat Heat Heat Heat Heat Heat Indicated Time 
Heat No. Intended As Hot | Treated | Treated | Treated | Treated | Treated | Treated 
Rolled? | 1450°F3 | 1550°F*+ | 1600°F> | 1650°F¢ | 1700°F7 | 1750°F8 
Cc N W 0 Hr 4 Hr 
Titanium — Chromium (1.0 Pct) — Vanadium (0.10 Pct and 0.20 Pct) — Nitrogen 
WG108 Unalloyed 192 155 163 183 187 197 
219 192 18 
WGi141 2.5 Cr, 1.0 V, 0.10 N 303 362 381 366 386 380 379 303 310 
Wee 3.5 Cr, 1.0 V, 0.10 N 324 319 409 384 368 378 372 324 326 
5.0 Cr, 1.0 V, 0.10 N 344 448 350 373 455 390 464 344 376 
WG127 2.5 Cr, 1.0 V, 0.20 N - 357 383 382 380 405 417 413 3 
? ? 57 345 
she ag =o ce io V,0.20N 387 395 434 387 410 401 387 387 381 
-0 Cr, 1.0 V, 0.20 N 390 428 508 536 543 488 498 390 464 
Titanium — Chromium (2.0 Pct) — Vanadium (0.10 Pct and 0.20 Pct) — Nitrogen 
WG108 Unalloyed 192 155 163 183 187 197 219 192 187 
WG128 2.5 Cr, 2.0 V, 0.10 N 307 409 394 384 383 376 401 307 323 
WG137 3.5 Cr, 2.0 V, 0.10 N 337 406 388 375 413 369 401 337 358 
WH54 5.0 Cr, 2.0 V, 0.10 N 434 446 400 519 454 429 446 434 481 
WG132 2.5 Cr, 2.0 V, 0.20 N 355 398 369 391 405 407 394 355 368 
WG140 3.5 Cr, 2.0 V, 0.20 N 383 496 437 431 462 464 490 383 405 
WH50 5.0 Cr, 2.0 V, 0.20 N 383 466 464 542 553 517 483 | 383 472 
Titanium — Chromium (1.0 Pct) —Molybdenum (0.10 Pct and 0.20 Pct) — Nitrogen 
WG103_|- Unalloyed 194 157 163 177 172 201 217 194 187 
WGI111 | 2.5 Cr, 1.0 Mo, 0.10 N 313 345 357 371 357 369 364 313 334 
WG123 3.5 Cr, 1.0 Mo, 0.10 N 337 424 389 400 354 416 383 337 341 
WH49 5.0-Cr, 1.0 Mo, 0.10 N 367 373 447 413 491 461 498 367 432 
WG113 | 2.5 Cr, 1.0 Mo, 0.20 N 378 425 364 387 383 413 419 378 373 
WG119 3.5 Cr, 1.0 Mo, 0.20 N 379 450 425 425 412 401 448 379 376 
WH47 5.0 Cr, 1.0 Mo, 0.20 N 403 474 461 473 500 450 417 403 487 
Titanum — Chromium (2.0 Pct) — Molybdenum (0.10 Pct and 0.20 Pct) — Nitrogen 
| 
WG103 Unalloyed 194 157 163 177 172 201 217 194 187 
WG118 2.5 Cr, 2.0 Mo, 0.10 N 336 433 401 347 357 371 442 336 357 
WGl1l14 3.5 Cr, 2.0 Mo, 0.10 N 375 418 353 341 325 358 354 375 357 
WH46 5.0 Cr, 2.0 Mo, 0.10 N 380 415 433 433 456 467 376 380 440 
WG122 2.5 Cr, 2.0 Mo, 0.20 N 375 360 357 386 387 397 387 375 384 
WG112 3.5 Cr, 2.0 Mo, 0.20 N 377 410 340 414 425 382 379 Sut 397 
WH45 5.0 Cr, 2.0 Mo, 0.20 N 411 394 459 482 467 459 429 411 503 
Titanium — Chromium (1.0 Pct) — Nickel (0.10 Pct and 0.20 Pct) — Nitrogen 
WG110 Unalloyed 186 158 157 179 181 204 200 186 184 
WG150 2.5 Cr, 1.0 Ni, 0.10 N 298 419 387 409 491 442 413 298 290 
WG152 3.5 Cr, 1.0 Ni, 0.10 N 326 452 432 416 443 450 433 326 337 
WH23 5.0 Cr, 1.0 Ni, 0.10 N 377 462 498 514 525 536 437 377 397 
WG146 2.5 Cr, 1.0 Ni, 0.20 N 339 421 447 434 429 464 483 339 361 
WG149 3.5 Cr, 1.0 Ni, 0.20 N 360 532 477 429 473 455 488 360 380 
WH43 5.0 Cr, 1.0 Ni, 0.20 N 419 433 452 430 429 438 443 419 500 


Titanium — Chromium (2.0 Pct) — Nickel (0.10 Pct and 0,20 Pct) — Nitrogen 


~ WG110 Unalloyed 186 158 157 179 181 204 200 186 184 
WG148 2.5 Cr, 2.0 Ni, 0.10 N 326 455 505 413 562 550 532 326 344 
WG144 | 3.5 Cr, 2.0 Ni, 0.10 N 333 502 530 502 543 530 536 333 367 
WH26 5.0 Cr, 2.0 Ni, 0.10 N 440 446 499 510 509 514 519 440 417 
WG151 2.5 Cr, 2.0 Ni, 0.20 N 356 456 489 484 547 480 516 356 361 
WG145 3.5 Cr, 2.0 Ni, 0.20 N 353 456 497 464 520 498 522 353 442 
WH27 5.0 Cr, 2.0 Ni, 0.20 N 417 397 514 548 510 542 525 417 446 


cold water. 


110-kg load. Hardness at the center of the cross section of 
the sheet specimen 90° to the surface and to the rolling 


i i least eadings. 6 Heated in air % hr at 1650°F and quenched in cold water. 
2 ea SR Nae Saas ne 7 Heated in air % hr at 1700°F and quenched in cold water. 
; 3 8 Heated in air % hr at 1750°F and quenched in cold water. 


3 Heated in air % hr at 1450°F and quenched in cold water. 


4 Heated in air 
5 Heated in air 


¥% hr at 1550°F 
¥ hr at 1600°F 


FS 
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and quenched in 
and quenched in 


cold water. 
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properties of as-hot-rolled titanium-chromium al- 
loys prepared. from process A metal. 


_TENSILE STRENGTH, IOOOPS.I. 


TEMPERATURE, ° F. 


VICKERS HARDNESS 


ELONGATION, 


© CARBIDE PHASE 
ALPHA + BETA + CARBIDE 

@ BETA + CARBIDE 

G 1% COPPER + 0.25% CARBON 
ADDED 


Ei) 2% COPPER + 0.25% CARBON 
1700 ADDED 


1650 
1600 
1550 
1500 
1450 
0 50 60 70 80 90 100 
CHROMIUM, PER CENT 
Fig. 10—Effect of 1.0 and 2.0 pet copper and 0.25 
pet carbon on the transformation range of titani- 
um-2.5 to 5.0 pet chromium alloys made from 
process A metal. 
| 
| 0.1% NITROGEN ADDED— 
0.2% NITROGEN ADDED | 
ren | a VICKERS HARDNESS! ——| 
: Ti -Cr BINARY ALLOYS 
300] ex 
a 
200+} po 
TITANIUM- CHROMIUM- VANADIUM- NITROGEN 
ALLOYS (2.0% V) 
100 AS-HOT- ROLLED TEMPER 
o NOMINAL CHROMIUM CONTENT 
é 0.1% NITROGEN ADDED 
) 4 NOMINAL CHROMIUM CONTENT 
0.2% NITROGEN ADDED ie 
0.2% NITROGEN| ADDED 
200 7 | | 
0.1% NITROGEN 
180} ADDE! 
160 a 
140 TENSILE STRENGTH 
Ti-Cr BINARY ALLOYS 
120} ca 
100 st: 
a fe - 
{0.2% NITROGEN ADDED ae 
x 20P Sy 
2 J 0.1% NITROGEN ADDED ELONGATION 
= 10 Ko | : [ \ti-cr BINARY 
ee ee = eee 
Hp = 
fe) | 2 3 4 5 6 7 8 9 10 iT 12 13 


GHROMIUM CONTENT, PER CENT 
Fig. 12—Effect of vanadium and nitrogen on the 


properties of as-hot-rolled titanium-chromium al- 
loys prepared from process A metal. 


548—JOURNAL OF METALS, MARCH 1950, TRANSACTIONS AIME, VOL. 188 


+ 
29 0.2% NITROGEN VICKERS HARDNESS 
0.2% NITROGEN fee ° . | Ti-Gr BINARY ALLOYS 
aoe + les 0.1% NITROGEN ADDED —- 400} 4 
B Bae wn Rad ie 0.1% NITROGEN ADDED 
Ww 300 le 4 _| Q 300 
fa) 2 
to eee 
< 200L, leeeiese| = 200 TITANIUM-GHROMIUM- MOLYBDENUM NITROGEN 
ms VICKERS HARDNESS e Es ALLOYS - (2.0% Mo) 
100. Ti-Cr BINARY ALLOYS tog AS-HOT-ROLLED TEMPER 
4 = x oNOMINAL CHROMIUM CONTEN 
> TITANIUM - CHROMIUM - MOLYBDENUM- NITROGEN > 0.1% NITROGEN ADDED 
° ALLOYS - (1.0% Mo) —} f 0) 4 NOMINAL CHROMIUM CONTENT 
AS-HOT- ROLLED TEMPER 0.2% NITROGEN ADDED 
| __o NOMINAL CHROMIUM CONTENT. 4$——_} ae 
O.I% NITROGEN ADDED 
a NOMINAL CHROMIUM CONTENT 
200 0.2% NITROGEN ADDED 200 Ae 
= PNT is ase 
3 180 0.2% NITROGEN ADDED 180 
° 0.1% NITROGEN 8 
8 16 eis = 160 + te 
= © 7 (omen Pemes weooe Feds : 01% NITROGEN |] + are cael 
les oO 
© 140 Vie | Z 140 fee rae TENSILE STRENGTH 
2 aaa — o Ti-Cr BINARY 
r3 VA TENSILE STRENGTH ¢ = ALLOYS 
120 at i-Cr Bl Y ALLOY { 120 
ai) ” 
a qj 100 
if 
@ 100 a= as 
= 
. I wee. 48 ee 
e eed 
> 0.1% NITROGEN ADDED | Z_ 20P bets 
5. Sr nanon es Cie a 0.1% NITROGEN ADDED ELONGATION 
ES iTi-Gr BINARY ALLOYS ge 10 a atl 
o= c— 1 1 SZ |02%NITRO- a 
mn a ~ — dpa — 
62 St Sits ase ol SEN ee zi eer 
Fy ee ee ne EE en eT Bre N ao a veagene Sos 
CHROMIUM CONTENT, PER CENT SNe DON ENDas CENT 
Fig. 13—Effect of molybdenum and nitrogen on Fig. 14—The effect of molybdenum and nitrogen 
the properties of as-hot-rolled titanium-chromium on the properties of as-hot-rolled titanium-chro- 
alloys prepared from process A metal. mium alloys prepared from process A metal. 
0.1% NITROGEN ADDED ae 
0.2% NITROGEN ADDED _, 0.1% NITROGEN ADDED 0.2% NITRON ADDED R VICKERS HARDNESS 
400 sw” VIGKERS HARDNESS —] 400 7 Ti-Cr BINARY ALLOYS 
[=| Ti-Cr BINARYALLOYS o ae Ee | 
® 300 Lo | Ste to| z a —— f 
Se ee ee 
Zz a 
@ 200.4 = 200 ee | 15, 
= eae ALLOYS - (1.0% Ni ) | ee 2 
LS To%e) AS-HOT- ROLLED TEMPER W100 TITANIUM- CHROMIUM-NICKEL- NITROGEN 
wy oNOMINAL CHROMIUM CONTENT ) ALLOYS - (2.0 % Ni) 
7S 01% NITROGEN ADDED > 
cae. re) AS-HOT- ROLLED TEMPER ++ 
> “NOMINAL CHROMIUM CONTENT S NCAINAIC CERO CORTES 
0.2% NITROGEN ADDED i 
| Ol% NITROGEN ADDED 
& NOMINAL GHROMIUM CONTENT 
Bee (eee sia 
200 200 i =| 
gees ee | jee 4 
. .-) sr] 
ey re ELAN ROSEN BBUEBS Y 180 2 sa Za 0.1% NITROGEN ADDED 
eee eee G 
fo} 8 z 
8 160 eyecare] eres = 160 : — — 
Bear. Paws ue yl 
2 140 Zz 140 TENSILE STRENGTH 
i TENSILE STRENGTH | Ti-Gr BINARY ALLOYS 
S Ti-Cr BINARY ALLOYS] ' 55 
® 120 } w 
ie Pe ls 
a "2 
2 100 Z WA 
uw a 
Z Cae ies 
abies bad L eae 
a eee ae eee coe 
oo a (axe) ne 
2s ELONGATION Q Ba Ti-Cr BINARY 
re ees Cag aaa ae ee Ti- Cr BINARY_| ae ~ Se Ql% NITROGEN ADDED" /'aLLoys 
22 ‘7s SR lg ca Se eto 
He ,[02% Se ee as Para) setae Bel 
TOR IREEIS aS NTA OOPS TG Sm 10) I 2 2B aie eee AMES) Oe Ti GMMINT Poas Siss 59: a) TIO ll RLS 
CHROMIUM CONTENT ,PER CENT CHROMIUM CONTENT, PER CENT 
Fig. 15—Effect of nickel and nitrogen on the prop- Fig. 16—Effect of nickel and nitrogen on the prop- 
erties of as-hot-rolled titanium-chromium alloys” erties of as-hot-rolled titanium-chromium alloys 
prepared from process A metal. prepared from process A metal. 


TRANSACTIONS AIME, VOL. 188, MARCH 1950, JOURNAL OF METALS—549 


0) ALPHA + BETA 
| M BETA PHASE 


TEMPERATURE, °F. 


a 
fe} Of = "2.0/3.0, 94.0 = 510) 6.0/5 587-0); 7.8.0. 90 610.0 
CHROMIUM, PER CENT 


Fig. 17—Effect of 2.0 pet vanadium and 0.10 pct 

nitrogen on the transformation range of titanium- 

2.5 to 5.0 pet chromium alloys made from process 
A metal. 


the as-hot-rolled condition increased in hardness 
when they are aged for 4 hr at 750°F. Again, this 
increase in hardness is usually higher for the ma- 
terials of higher alloy content. The titanium- 
chromium-carbon alloys containing manganese are 
particularly susceptible to age hardening, the in- 
crease being of the order of 100 Vickers numbers. 


Quaternary Titanium-Chromium-Nitrogen Alloys 
Containing Vanadium, Molybdenum, or Nickel: Qua- 
ternary titanium-chromium-nitrogen alloys con- 
taining one other metal were studied because 
nitrogen has been shown to be a useful alloying 
element in titanium-chromium alloys. The proper- 
ties of the titanium-chromium-nitrogen ternary 
alloys are described in another paper of this series. 
The alloys studied contained 2.5, 3.5, or 5 pct 
chromium and 0.1 or 0.2 pct nitrogen with 1 and 2 
pet vanadium, 1 and 2 pct molybdenum, or 1 and 2 
pet nickel. 


Mechanical Properties: Table V contains the com- 
positions, tensile properties, hardnesses, and mini- 
mum bend radii of the alloys in the as-hot-rolled 
condition and after heat treatment at 1600°F. The 
tensile and hardness data on the alloys in the as- 
hot-rolled condition are graphically represented by 


fig. 11 to 16, inclusive. These figures not only show 


the tensile and hardness properties of the as-hot- 

rolled alloys, but they also permit a comparison of 
_ the properties of the quaternary alloys with those 
of the titanium-chromium binary alloys. 

By referring to the paper on ternary alloys, the 
properties of the titanium-chromium-nitrogen ter- 
nary alloys can also be compared with those of the 
corresponding quaternary alloys containing vana- 
dium, molybdenum, or nickel. This comparison has 
been made, and it is concluded that 1 and 2 pct 
vanadium, 1 and 2 pct nickel, and 1 and 2 pct mo- 


TEMPERATURE, °F. 


PHA + BETA 
TA PHASE 


50 60 70 8.0 9.0 10.0 


CHROMIUM, PER CENT 
Fig. 18—Effect of 2.0 pct molybdenum and 0.10 pet 
nitrogen on the transformation range of titanium- 
2.5 to 5.0 pet chromium alloys made from process 
A metal. 


lybdenum appear to be slightly beneficial in these 
alloys. 


Structure and Transformation Range: Nitrogen 
tends to raise the beta solvus temperatures of ti- 
tanium and titanium-chromium alloys, whereas 
vanadium, molybdenum, or nickel tend to lower 
them. Therefore, the addition of nitrogen and one 
of these elements will raise or lower the beta solvus 
temperatures, depending upon the relative amounts 
of nitrogen and the metal which have been added. 
For example, as shown by fig. 17, 2 pet vanadium 
and 0.1 pet nitrogen did not have an appreciable 
effect on the beta solvus temperatures of the ti- 
tanium-chromium alloys. On the other hand, 2 pct 
molybdenum and 0.1 pct nitrogen tends to lower 
the beta solvus temperatures slightly, as shown by 
fig. 18, but when the nitrogen content is increased 
to 0.2 pct, the beta solvus line is markedly raised, 
as shown by fig. 19. Two per cent nickel and 0.1 pct 
nitrogen also lowers the beta solvus temperatures, 
as shown by fig. 20, but when the nitrogen is in- 
creased to 0.2 pct, the beta solvus temperatures are 
quite markedly raised, as shown by fig. 21. 


Response to Heat Treatment and Aging: The 
hardnesses of the quaternary alloys in the as-hot- 
rolled condition, after quenching from 1450, 1550, 
1600, 1650, 1700, and 1750°F and after aging the 
as-hot-rolled alloys for 4 hr at 750°F, are listed in 
table VI. Again, the alloys are hardened when they 
are quenched from the beta field, and this increase 


is greater the higher the temperature and the higher 


the alloy content of the materials, at least within 
the range of composition investigated. Although 
marked hardening occurred in some of the alloys 
when they are quenched, this treatment has not 
been beneficial to the tensile properties when the 
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Fig. 19—Effect of 2.0 pct molybdenum and 0.20 

pet nitrogen on the transformation range of ti- 

tanium-2.5 to 5.0 pet chromium alloys made from 
process A metal. 


Table VII. Analysis and Properties of Process A Ti- 
tanium Alloys Whose Tensile Strength Is Higher Than 
Would Be Expected From the Vickers Hardness 


ae Number 
Tensile Elong., 
Strength, Pectin Vickers 
Heat No Intended Analysis psi 1 In. Hardness 
WG31 5 Cr -2 Fe-0.25C 190,700 6.0 373 
WG40 5 Cr-2Mn-0.25C 194,400 2.0 340 
WG43 4.38 Cr* 186,600 6.0 281 
wG44 5 Cr-05C-0.2N 190,700 3.0 340 
WG49 5 Cr-0.25C-0.1N 186,600 4.0 319 
WG62 3.5 Cr -0.25C-0.2N 181,200 5.5 321 
WG66 3.23 Cr - 0.25 C 160,200 5.0 262 
WG113 2.5 Cr-1Mo-0.2N 188,500 6.0 378 
WG119 3.5 Cr-1Mo0-02N 190,000 7.0 379 
WG169 5 Cr-0.2N 185,100 4.0 365 
WG172 5 Cr-0.1N 186,800 5.0 295 
WH27 5 Cr-2Ni-0.2N 194,700 3.0 417 
WH45 5 Cr-2Mo-0.2N 201,000 2.0 411 
WH50 5 Cr-2V-0.2N 200,000 3.0 383 
WH55 5 Cr-1V-02N 207,800 3.5 390. 
WH82 7.5 Mn 196,800 230 384 
WH91 7.5 Mn - 0.25 C 221,400 2.0 438 
WH100 7.5 Mn -0.5C 188,000 1.0 387 


* Actual analysis. 


~ heat-treating temperature was 1600°F. These data 
are shown in table V. It is quite possible, however, 
that useful heat treatments may be developed for 
alloys of this type. 

Increases in hardness are obtained by aging the 
as-hot-rolled alloys for 4 hr at 750°F. This age- 
hardening effect is quite marked in several of the 
alloys containing the greatest total alloy content. 
Tensile properties of the alloys in this condition are 
not yet available. 

Correlation of Hardness with Tensile Properties: 
Fig. 22 shows the relationship of tensile strength 
to the hardness of the as-hot-rolled titanium-base 
alloys prepared from Process A metal. The data 
are plotted so that the information on binary, 
ternary, and quaternary alloys is distinguishable. 
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Fig. 20—Effect of 2.0 pct nickel and 0.10 pct nitro- 

gen on the transformation range of titanium-2.5 

to 5.0 pet chromium alloys made from process A 
metal. 
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Fig. 21—Effect of 2.0 pet nickel and 0.2 pct nitro- 

gen on the transformation range of titanium-2.5 to 

5.0 pet chromium alloys made from process A 
metal. 


In addition, the data on the alloys consisting of 
alpha, alpha-plus-beta, or beta structures at the 
hot-working temperature of 1450°F are also noted. 
_A very large proportion of the binary, ternary, and 
more complex alloys consists of alpha and trans- 
formed beta (acicular alpha) at room temperature. 
The tensile strength of this type of alloy is roughly 
475 times the Vickers number. There is, of course, 
considerable scatter in the results, and the tensile 
strengths of a number of alloys lie substantially 
above the average line relating hardness to tensile 
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Fig. 22—Correlation of hardness and tensile strength of as-hot-rolled process A titanium base alloys. 


Table VIII. Several of Best Quaternary Alloys and Their Properties 


370 380 390 400 410 420 430 440 


All of these additions, except 


, : carbon above about 0.2 pct, are 

necrease in ° 5 

Ultimate Vickers Hard- soluble in either alpha or beta 
Tensile Elong., Vickers | Minimum ness by Aging 7 ; O r 

Intended Strength, | Pctin | Hardness Bend As-Hot-Roiled titanium and all tend to lowe 
Heat No.| Composition, Pct psi 1In. No. Radius Alloys the beta solvus temperatures, 
excepting nitrogen, which raises 

wae3 | 3.5 Cr, 0.25C,0.1N 163,200 7.0 302 3t 55 it markedly. All of the quater- 

wG4s | 5.0Cr,0.25C,0.1N 183,200 6.0 339 3t 92 

WH30 | 5.0 Cr, 1.0 V, 0.25 C 171,900 5.0 336 3t 62 nary alloys have a very narrow 

WH29 | 5.0 Cr, 2.0 V, 0.25C 189,700 3.5 378 3t 59 alpha field at the hot-working 

WG35 | 3.5Cr,1.0Mn,0.25C | 162,400 4.5 272 3t 77 2 

WG39 | 5.0Cr,1.0Mn,0.25C | 177,200 4.5 317 At 111 temperature of 1450°F so that 

WG36 | 3.5Cr,2.0Mn,0.25C | 137,800 9.5 260 3t 138 : 

wG40 | 5.0 Cr,2.0Mn,0.25C | 194.400 2.0 340 3t 86 all of them, after cooling to 

WG27 | 3.5Cr,2.0Fe,0.25C | 190,700 6.0 373 3t. 50 . 

WG140 | 3.5 Cr,2.0V,02N 177,200 6.0 383 3t 22 pope temperature, consisted of 

oe ee Tei eC ae one a ee a Se equiaxed alpha and_ acicular 

WG119 | 3.5 Cr, 1.0 Mo, 0.2 3 : - ‘ 

WH23 |. 5.0 Cr, 1.0 Ni, 0.1 N 182,000 5.0 377 3t 20 alpha which transformed from 

WH27 | 5.0 Cr, 2.0 Ni, 0.2N 194,700 3.0 417 3t 29 the beta present at the hot- 


strength. Hardness data were not obtained on the 
tensile specimens. Therefore, slight nonuniformity 
in composition of the sheet-also accounts for some 
of the scatter. As would be expected, this scatter 
becomes more pronounced as the hardness in- 
creases. The composition and properties of the po- 
tentially useful alloys, namely, those whose tensile 
strengths are substantially greater than that pre- 
dicted from the hardness value, are listed in table 
VII. It will be noted that most of these alloys con- 
tain 3.5 to 5 pet chromium or 7.5 pct manganese. 
These are the principal additions which produce 
the most outstanding alloys to date. 
Summary 

Eighty-four quaternary alloys have been studied 
from the following systems: 

1. Titanium-chromium-carbon-nitrogen. 

2. Titanium-chromium-carbon with copper, va- 

nadium, molybdenum, manganese, iron, or 

nickel. 
. Titanium-chromium-nitrogen alloys contain- 

ing vanadium, molybdenum, or nickel. 


working temperature. All of the 
alloys are increased in hardness by quenching from 
the beta field, but the tensile properties of none were 
beneficially affected by quenching in water from 
1600°F. However, since the hardening by quenching 
from a temperature in or near the beta field is quite 
marked, useful heat treatments may be developed 
after further investigation. Most of these titanium- 
chromium alloys, particularly those containing 3.5 


_and 5 pct chromium, age harden appreciably in the 


as-hot-rolled condition, employing an aging treat- 
ment consisting of 4 hr at 750°F. No tensile data 
are available as yet on these alloys in the aged con- 
dition. 

Several of the best quaternary alloys and their 
properties are listed in table VIII. 
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Diffusion Coefficient of Carbon in Austenite 


by Cyril Wells, 


Walter Batz, 


and Robert F. Mehl 


Diffusion coefficient values for carbon in austenite covering a wide range of 
temperature and composition have been determined employing statistical methods. 
In addition, the relation between concentration and each of the following, D (dif- 
fusion coefficient), Q (activation heat of diffusion), and A (the constant in the 
ee diffusion equation), has been obtained. 


sas of the rates of diffusion of austenite was 
published in Metals Technology in 1940.1 The 
present investigation is an extension of the earlier 
work, undertaken (1) to obtain values of the co- 
efficient of diffusion, D, over a much wider range of 
carbon concentration, and (2) to provide data in all 
ranges of concentration and temperature in such 
abundance that statistical methods could be em- 
ployed to evaluate the accuracy of the data with 
unusual precision. 


Composition of Materials: Composition of mate- 
rials used in this research program are listed in 
table I. These materials, all forged to about 1% in. 
rounds, consist of a high-purity iron, Armco iron, 
a large number of laboratory-made plain carbon 
steels containing amounts of impurities normally 
expected in high-quality commercial steels, and 
three silicon steels. Since it was known at the 
time these steels were being made that impurities 
in the amounts present were unlikely to affect car- 
bon diffusion rates* significantly, the effort made to 
obtain high-purity steels was not as persistent as it 
otherwise would have been. 


Procedure: In general, the procedure followed 
by Wells and Mehl and described in detail. in an 
earlier publication’ is the one used by the present 
authors. However, certain modifications have been 
made which it is believed allow diffusion data to be 
interpreted more objectively and correctly. These 


are described completely under appropriate sub- 
headings which follow. 

Experimental Procedure: Experimental procedure 
includes (1) the preparation of specimens by weld- 
ing steels of different carbon contents, (2) the heat- 
ing of these for certain times at selected tempera- 
tures in order to diffuse carbon along the specimens 
across the welded “interface,” and (3) the deter- 
mination of the carbon distribution across the 
diffusion zone. 


CYRIL WELLS, Member AIME, and WALTER 
BATZ are associated with the Metals Research Labora- 
tory, Carnegie Institute of Technology, Pittsburgh, Pa.; 
and ROBERT F. MEHL, Member AIME, is Director, 
Metals Research Laboratory, and Head, Departmen 
of Metallurgical Engineering. ; 

AIME New York Meeting, Feb. 1950. 

TP 2792 E. Discussion (2 copies) may be sent to 
Transactions AIME before Apr. 1, 1950, and will be 
published Nov. 1950. Manuscript received Oct. 17, 1949; 
revision received Nov. 30, 1949. 


Preparation of Specimens: Prior to welding steel 
of one carbon content to iron or steel of another 
carbon content, surfaces to be welded are machined 
perpendicular to the longitudinal axis of cylinders 
which are about 34 in. in diam and 1% in. long. 
The prepared, flat, parallel surfaces are brought to- 
gether and butt-welded electrically. Evidence of a 
good weld is given in fig. 1. Welding temperature 
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Table I. Composition of Materials 


Composition 
Atomic % 
Material | Per Cent Weight, Per Cent 
No. 
Cc Cc Mn P Ss Si Cu Ni Cr Mo B Co 0) 
1 0.02 0.005 0.00 0.001 0.003 0.001 0.00 0.004 0.00 0.00 0.001 0.040 
2 0.07 0.015 0.04 0.007 0.020 0.006 0.04 0.07 0.03 0.01 
3 0.09 0.020 0.02 0.007 0.016 0.010 0.04 0.07 0.01 0.00 
4 0.33 0.070 0.25 0.015 0.027 2.1 0.10 0.18 0.06 0.04 
5 0.63 0.136 0.38 0.010 0.026 0.23 0.09 0.06 0.25 0.05 ae 
6 1.04 0.224 0.26 0.014 0.025 0.03 0.08 0.14 0.30 0.03 0.0 
7 1.14 0.247 0.51 0.012 0.024 0.30 0.05 0.12 0.13 0.04 
81 2.47 0.54 0.61 0.012 0.027 0.27 0.08 0.14 0.14 0.03 
9 3.14 0.69 0.51 0.013 0.028 0.19 0.05 0.11 0.13 0.03 
10 3.80 0.84 0.25 0.012 0.012 0.26 0.04 0.08 0.06 0.03 
iby 4.07 0.90 0.17 0.012 0.017 2.04 0.04 0.09 0.04 0.01 
12 4.20 0.93 0.24 0.005 0.019 0.20 0.05 0.07 0.09 0.02 
13 4.72 1.05 0.28 0.011 0.010 0.28 0.04 0.06 0.08 0.02 
14 4.93 1.10 0.34 0.008 0.017 0.004 0.04 0.04 0.02 0.01 
15 5.24 1.17 0.36 0.016 0.010 0.40 0.04 0.09 0.11 0.04 
16 5.66 1.27 0.16 0.009 0.023 0.008 0.06 0.06 0.02 0.01 
17 5.83 131 0.25 0.010 0.012 0.29 0.05 0.09 0.05 0.04 
18 6.13 1.38 0.27 0.005 0.018 0.24 0.04 0.07 0.05 0.01 
19 6.21 1.40 0.60 ° 0.011 0.040 0.22 0.05 0.08 0.14 0.04 
20 6.47 1.46 0.23 0.009 0.024 0.006 0.04 0.06 0.02 0.01 
21 6.64 1.50 0.43 0.007 0.037 0.21 0.08 0.12 0.14 0.03 0.009 
22 6.64 1.50 0.43 0.010 0.038 2.12 0.11 0.21 0.13 0.04 
23 6.68 P51 0.33 0.004 0.014 0.004 0.04 0.04 0.02 0.01 
24 7.67 aber 5) 0.72 0.010 0.042 0.33 0.06 0.09 | 0.12 0.04 


is so low and welding time so short that diffusion 
occurring during this operation is negligible. A 
more detailed account of preparation of specimens 
is given in an earlier paper.’ 

Diffusion-anneal: Specimens were heated in 
argon at temperatures and for times recorded in 
table II. Temperatures were controlled within 1°C 
and are probably correct within +5°C. Errors in 
reported elapsed times are negligible. Precautions 
taken have already been adequately reported else- 
where.* 

Microscopic evidence showed that with few ex- 
ceptions practically no decarburization of specimens 
occurred as a result of heating them at diffusion 
temperatures for long times. 

Determination of Carbon Distribution: After the 
diffusion-anneal, all material which was thought 
might be decarburized was removed from each 
specimen and discarded. Subsequently, consecutive 
layers 0.050 in. thick and perpendicular to the 
longitudinal axis of the specimen were machined 
for analysis. The plane of the machined surface was 
kept as parallel as possible with the plane of the 
weld. It is believed that a carbon analysis value is 
rarely in error by more than 0.01 wt pct or a dis- 
tance measurement in error by more than 0.0005 in. 
_ Typical data obtained in a determination of car- 


Fig. 1—Evidence of a good 
b weld. 


Arrows indicate weld positions. 

Plain carbon steels welded contain 

1.31 and 1.38 wt pct carbon, re- 

spectively. Specimen etched with 

2 pet nital. Magnification: a. 
X250; b. KX1500. 


bon distribution in one specimen are given in table 
III, col. 2 and 3. It may be noted that each distance 
is reported as the number of centimeters from the 
weld to the center of a layer. The center of Layer 1, 
for example, is 1.776 cm from the weld. The av- 
erage carbon content of Layer 1 is 1.762 wt pct and 
this is accepted as the carbon concentration at the 
center of the layer. 


Plotting of Concentration-penetration Curves: In 
an effort to draw concentration-penetration curves 
each one of which best represents the relation be- 
tween carbon content and distance from the weld 
in a specimen, a procedure has been used which 
involves (1) the computation of C/C, ratios, (2) 
the plotting on probability paper of a curve relating 
C/C, and distance, and (3) the drawing of a con- 
centration-penetration curve. To make it easier to 
describe this procedure briefly and yet as clearly 
as possible, certain typical data have been selected. 
These are for Test 16 and are listed in table ITI. 

The specimen used in Test 16 consisted of Steel 
24 containing 7.67 at. pct carbon (1.75 wt pct) 
welded to Iron 2 containing 0.07 at. pct carbon 
(0.015 wt pct). In this instance C, = Cys, — Coin 
= 7.67 — 0.07 = 7.60 at. pct and C — at. pct at 
center of layer — 0.07. 


Computed C/C, ratios are plotted on a probability 
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Table II. Diffusion-anneal Data 


Material A Welded i 
to Material B* coe Materia: oe 
Temperature Time i 
tere Ne. of of of No. of No. of rapide te ra 
Diffusion, Diffusion, i i i i 
Lent Material | Material °C hr oe pratcciat Miteriat Kein Me ee 
0. 

1 18 15 995 24.00 29 al 6 14 
2 12 10 995 24.00 30 21 6 1139 20:33 
3 15 12 987 24.00 31 7 2 1130 20.25 
4 13 10 997 24.00 32 8 7 1128 20.00 
5 17 13 1000 24.00 33 22 4 1125 19.25 
6 18 15 1000 24.00 34 8 7 1126 19.25 
7 18 1 999 24.00 35 rf 2 1124 22.67 
> 8 18 1 1010 25.00 36 24 2 1128 20.50 
9 17 1 905 72.00 37 16 9 1127 20.00 
10 7 1 957 48.00 38 23 16 1122 20.25 
TL 17 1 950 48.00 39 19 14 1126 20.75 
12 15 1 910 71.50 40 19 14 1132 20.25 
13 15 10 916 73.00 41 12 8 1121 20.25 
14 23 2 1038 21.50 42 12 8 1130 20.67 
15 23 2 1042 20.75 43 8 Ye 1000 47.20 
16 24 2 1127 19.50 44 19 14 1002 47.30 
17 23 2 1195 11.92 45 19 16 1003 46.00 
18 23 2 1195 9.42 46 14 9 1004 44,25 
19 19 2 1255 5.33 47 14 9 1002 47.25 
20 14 2 909 72.00 48 8 7 1001 53.75 
21 16 2 956 73.00 49 jroo 9 16 997 45.00 
2 13 5 847 163.00 50 14 ; 2 1301 5.83 
23 13 5 848 163.00 51 24 19 1130 23.00 
24 12 i 802 212.00 52 Uf 3 1002 44.50 
25 12 i 800 212.00 ys} 24 19 1127 23.17 
26 10 8 750 286.50 54 14 3 1305 5.17 
27 10 8 754 286.50 55 23 3 1005 47.66 
28 22 4 1128 20.75 56 23 3 1000 43.50 


* Analyses of materials given in table I. 


scale, distances from the weld to centers of layers 
machined from the couple are plotted on a linear 
scale, and a curve is drawn as indicated in fig. 2. 
Next, C/C, ratios at 0.1 cm intervals between the 
limits of 1.3 cm on the low and 1.7 cm on the high 


TEST NO, 16 
TEMP 1127+ 5C 
TIME 19.50 HRS. 


ee carbon side of the couple are read from the curve. 
ie Concentrations at these distances are obtained by 
Cone adding Cnin. to the product of C/C, and C, and the 
. Mae data obtained are plotted as points (centers of open 
circles) as shown in fig. 3. The concentration- 
./00 penetration curve is then drawn through these 
points. Centers of closed circles in the figure are 

vee actual data points. 
ae In some instances all data points representing the 
Ok relation between C/C, and distance fall practically 
on a straight line when plotted on probability paper. 
Ze SO Ie ae panies ee This is the case eee the aifereace between 
Fig. 2—Typical curve resulting from a plot on maximum and minimum carbon concentration in a 
probability paper of C/C, values versus distances couple is sufficiently small so that the variation of 
from the weld to centers of layers machined from. D, diffusion coefficient, with concentration is insig- 
the couple. nificant. In such a situation as this, a regression 
Plots of this kind provide a basis for drawing concentration- line is calculated using the method of least squares. 


penetration curves more accurately and more objectively. 


8.0 
= ; 7.0 
TEST NO. 16 
Fig. 3— Typical concentra- = 60 TEMP. 11274 5C 
° z A Ooh: TIME 19.50 HAS. 
tion-penetration curve. @ 
S 5.0 
Centers of closed circles are actual K 
data points. Centers of open cir- = 4.0 
cles represent computed concen- ea bie 
trations at selected distances from « 
the weld. In computing concentra- w 2.0 
tions Cmin is added to the product 
of C/Co + Cmin and Co values are G 
known (footnote table IM) and = 2.0 
values of C/Co at selected dis- 2 
tances are represented by points qt 
on the curve of fig. 2. 1.0 
0.0 
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ATOMIC PER CENT CARBON 
Fig. 4—-A typical curve showing diffusion co- 
efficient, D, at a given temperature to vary with 
concentration. 


Values of D at concentrations of 1, 2, 3, 4, 5, 6, and 7 at. pet 
have been read from such curves and these, after being cor- 
rected, are reported in table IV. 


Table III. Data from Test 16 


Distance from Weight Atomic 
Weld to Center| Per Cent | Per Cent Cc Cc 
Layer of Layer, of of 
No. cm Carbon Carbon Co 
1 —1.776 1.762 7.72 
2 —1.649 1.745 7.65 7.58 0.997 
3 — 12522, 1.729 7.59 7.52 0.990 
4 —1.395 1.754 7.69 
5 —1.268 1.702 7.48 7.41 0.975 
6 —1.141 1.694 7.44 7.37 0.970 
7 —1.014 1.677 7.37 7.30 0.961 
8 —0.887 1.642 7.23 7.16 0.942 
9 —0.760 1.606 7.08 7.01 0.922 
10 —0.633 1.568 6.92 6.85 0.901 
11 —0.506 1.500 6.64 6.57 0.864 
12 —0.379 1.429 6.34 6.27 0.825 
13 —=0:253 1.320 5.88 5.81 0.764 
14 —0.125 1.189 5.32 5.25 0.691 
15 0.003 1.023 4.60 4.53 0.596 
16 0.130 0.825 3.74 3.67 0.483 
17 0.257 0.626 2.86 2.79 0.367 
18 0.384 0.425 1.95 1.88 0.247 
19 0.511 0.251 1.16 1.09 0.143 
20 0.638 0.136 0.63 0.56 0.074 
21 0.765 0.082 0.38 0.31 0.041 
22 0.892 0.055 0.26 0.19 0.025 
23 1.019 0.045 0.21 0.14. 0.018 
24 1.146 0.020 0.09 0.02 0.003 
25 1.273 0.012 0.06 


In Test 16, Steel 24 (7.67 at. pct carbon) was welded to Iron 2 
(0.07 at. pet carbon). 

Co = Cmax. — Cmin. Values of Cmax. and Cmin. are 7.67 and 
0.07 at. pet, respectively. 

C = At. pet at center of layer — Cmin. 


Values of concentration at given distances from the 
weld are then computed and a concentration-pene- 
tration (error function) curve is plotted. 


Calculation of Diffusion Coefficient Values: Dif- 
fusion coefficient values are calculated from infor- 
mation provided by  concentration-penetration 
curves. A concentration-penetration curve is not 
utilized in the determination of D values if the 
upper flat portion of the curve represents a carbon 
content which is lower than the determined carbon 
content of the original steel by more than 0.03 wt 
pet:* 


* When the carbon content represented by the upper flat portion 
of a diffusion-penetration curve is lower than the determined 
carbon content of the original steel by more than 0.03 wt pet 
carbon, it is suspected that material used for analyses may have 
been sufficiently decarburized to affect results on which the curve 
is based. This is the reason for not utilizing such a curve in 
determinations of D. 
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Fig. 5—Plot of diffusion coefficient at each of two 
concentrations against reciprocal of temperature. 


Seale of diffusion values is logarithmic and Tx is given in 
Kelvin units. Open circles, 4 at. pct (0.88 wt pct) carbon; 
closed circles, 1 at. pct (0.22 wt pet) carbon. 

Matano and Grube methods for computing D 
values are the ones used by the authors. These 
have been adequately described and discussed by 
Rhines and Mehl’ and are well-known. Matano’s 
solution of Fick’s law provides for a variation of 
diffusion coefficient, D, with concentration. Grube’s 
solution is based on the assumption that D does not 
vary with concentration. Obviously before D values 
computed by the Grube method are accepted, one 
should know that the variation of D with concentra- 
tion is unlikely to cause the computed values to be 
in error by an amount greater than that which 
should be tolerated. 

Since the variation of D with concentration in 
the range of concentration covered by Test 16 is 
considerable, as indicated by the amount of devia- 
tion of the curve in fig. 2 from a straight line, the 
Matano method was used’ for computing the D 
values represented by the centers of open circles 
in fig. 4. 

Values of D at a number of temperatures and for 
several concentrations have been computed using 
the Matano method and curves showing the rela- 
tion between D and concentration at a number of 
temperatures have been drawn. Values of D at con- 
centrations of 1, 2, 3, 4, 5, 6, and 7 at: pct carbon* 
have been read from such curves} and these, after 
being corrected, are reported in table IV.t 


* Approximately, atomic per cent carbon is equal to weight per 
cent multiplied by 4.5. 


7 To correct data read from these curves, each value was multi- 
plied by K? where K represents the expected length of a piece 
of pure iron at the diffusion-anneal temperature?,s when its length 
at about 25°C (room temperature) is 1 in. 


£ Data in table IV are based on results given in table IVa. 

Table IVa, which lists the original experimental data from which 
the concentration-penetration curves were plotted and the diffu- 
sion coefficients, such as are given in table IV, were calculated, 
has been issued through Auxiliary Publication and may be ob- 
tained trom the American Documentation Institute, 1719 N St., 
N.W., Washington 6, D. C., by ordering Document No. 2728, re- 
mitting $0.50 for copy in microfilm (read enlarged in full size on 
reading machines now widely available), or $1.40 for copy in paper 
photoprints legible without mechanical aid. 
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Table IV. Data Used for Plotting, on Semi-log Paper, Diffusion Coefficient at Constant 
Concentration Versus Reciprocal of Temperature 


Wt Pct Carbon 
0.22 | 0.44 | 0.66 | 0.88 | 12 | 1.35 | 1.59 
At Pct Carbon 
~ 1 | 2 | 3 | 4 5 | 6 4 
104 
Test Temperature | Temperature 

No. °C °K Tk D x 107 cm? per sec. 
26 750 1023 9.78 (0.18) 
27 754 1027 9.74 (0.20) 
25 800 1073 9.32 0.27 0.35 0.52 
24 802 - 1075 9.30 0.30 0.41 0.63 
22 847 1120 8.93 0.35 0.39 0.44 0.56 
23 848 1121 8.92 0.27 0.36 0.47 0.67 

9 905 1178 8.49 0.82 1.03 1.33 1.54 1.95 
20 909 1182 8.46 0.98 1.13 135 1.71 2.98 
12 910 1183 8.45 0.87 0.98 1.23 1.54 2.26 
13 916 1189 8.41 1.63 3.16 
11 950 1223 8.18 1.74 2.15 2.66 3.27 4.09 
21 956 1229 8.14 1.89 2.20 2.56 3.07 4.09 
10 958 1231 8.12 1:33 1.74 2.15 2.76 3.99 

7 999 1272 7.86 3.48 4.10 4.71 5.43 6.66 12.29 
56 1000 1273 7.85 2.87 3.48 4.40 5.63 Tee 10.03 
55 1005 1278 7.82 2.71 3.09 3.74 4.73 — 6.25 8.50 

8 1010 1283 7.79 3.48 3.99 4.81 6.04 7.89 10.24 
14 1038 1311 7.63 3.69 4.20 4.72 5.44 6.46 8.00 
15 1042 1315 7.60 4.92 5.54 6.36 7.49 8.92 11.08 
16 1127 1400 7.14 12.35 13.38 14.72 16.47 19.66 24.91 35.03 
36 1128 1401 7.14 10.81 12.35 13.89 15.95 19.04 26.45 40.67 
AT 1195 1468 6.81 19.41 21.16 23.12 25.81 30.97 42.53 
18 1195 1468 6.81 18.79 21.26 23.74 26.63 30.97 41.29 
19 1255 1528 6.54 27.96 30.03 32.10 35.20 40.38 55.91 
50 1301 1574 6.35 29.06 33.21 39.44 55.00 
54 1305 1578 6.34 33.22 36.33 41.00 48.37 57.30 


The Grube method was used to calculate values in parenthesis. 


°K signifies temperature is given in Kelvin units. 
* See footnotet p. 556. 


Table V. Data Showing that Within the Limits of Experimental Error Neither Boron up to 
0.009 pet Nor Silicon up to 2 pct Significantly Affects the Rate of Diffusion of Carbon in Austenite 


Atomic Pct Carbon 
2 | 212 | 3 342 4 | 412 | 5 
Test Temperature Boron Silicon 

No. °C. Weight Pct Weight Pct D x 107 cm? per sec 
16 1127 13.1 14.0 14.3 15.2 16.9 17.8 20.0 
36 1128 12.9 13.5 14.1 14.5 15.6 V5. 19.2 
Average 13.0 13.8 14.2 14.9 16.3 17.7 19.6 
29 1127 0.009 11.5 12.6 12.8 14.6 15.8 16.5 17.8 
30 1129 0.009 10.9 11.9 12.9 13.4 15.0 15.8 15.2 
Average 11.2 12.3 12.9 14.0 15.4 16.2 16.5 
28 1128 25 11.2 ani 13.9 14.2 15.4 16.5 16.9 
33 1125 2,15 10.5 11.2 11.5 11.6 11.5 12.1 14.5 
Average 10.9 11.5 ‘12.7 12.9 13.5 14.3 15.7 


Approximately, Weight Pet Carbon = 


Atomic Pct Carbon 
4.5 


Determination of Relation between D and 1/T: 
The best estimate of the relation between D and 1/T 
at each of six carbon concentrations was computed 
from data given in table IV utilizing the method of 
least squares. The six estimates are represented by 
six straight lines drawn in fig. 5, 6, and 7. 
Determination of, Relation between D and Con- 
centration: Two methods, A and B, have been used 
for determining the relation between D and con- 
centration. In both methods distributions of carbon 
in welded couples subjected to diffusion-anneal 
treatments were determined. 


In Method A carbon concentration limits in each 
couple, heated for a long time at a diffusion-anneal 
temperature of “X”°C, were essentially the limits 
for austenite at “X”°C as indicated by the iron- 
carbon diagram. Thus the limits of carbon con-. 
centration in the couple used in Test 16 and heated 
at 1127°C for 19% hr are 0.07 at. pct carbon (0.015 
wt pet) and 7.67 at. pct carbon (1.75 wt pct), re- 
spectively, and the limits of carbon concentration 
for austenite at 1127°C are 0.00 and approximately 
1.8 wt pct. When Method A was used, a concentra- 
tion-penetration curve was drawn and D values at 
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Fig. 6—Plot of diffusion coefficient at each of two 
concentrations against reciprocal of temperature. 


Scale of diffusion values is logarithmic and Tx is given in 
Kelvin units. Open circles, 2 at. pet (0.44 wt pct) carbon; 
closed circles, 5 at. pet (1.11 wt pct) carbon. 


a given temperature (the diffusion-anneal tempera- 
ture) were computed for each of several composi- 
tions using Matano’s procedure. 

In Method B, the minimum carbon concentration 
range in a couple was 0.40 at. pct (max. 4.20, min. 
3.80 at. pct) and the maximum range was 2.52 at. 
pet (max. 5.66, min. 3.14 at. pet). C/C, values at 
known distances from the weld, computed from 
carbon distribution data as already described, were 
plotted on a probability scale. The equation for a 
straight line of best fit was computed by the method 
of least squares. The line was then drawn and a D 
value was calculated using Grube’s procedure. This 
D value was assumed to be that at the temperature 
of the diffusion-anneal and for the average carbon 
concentration of the couple. 

Method B data (centers of circles) and Method A 


curves (curves A + B) showing the relation be- 


tween D and concentration are given in fig. 8. 

Determination of Relation between @ and Carbon 
Concentration: To determine the relation between 
Q, the activation heat of diffusion, and carbon con- 
centration, @ was first computed for each of the 
concentrations 1, 2, 3, 4, 5, and 6 at. pct carbon and 
then the curve showing the relation between Q and 
concentration was drawn (fig. 9). To compute Q 
for a given concentration, the slope of the line 
showing the relation between D (logarithmic scale) 
and 1/T for that concentration was multiplied by 
4.58.* 


* 4.58 is the product of the gas constant, R, value in appropriate 
units and the factor of conversion from common to Naperian 
logarithmic units. As is well-known?, @/R is the slope of the 
straight line obtained by plotting the’ Naperian logarithm of D 
(for a given concentration) versus the reciprocal of the absolute 
temperature. 


Determination of Relation between A and Carbon 
Concentration: To determine the relation between A 
and carbon concentration, A was computed for 
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Fig. 7—Plot of diffusion coefficient at each of two 
concentrations against reciprocal of temperature. 


Scale of diffusion values is logarithmic and Tx is given in 
Kelvin units. Open circles, 3 at. pct (0.66 wt pet) carbon; 
closed circles, 6 at. pet (1.35 wt pct) carbon. 


each of the concentrations 1, 2, 3, 4; 5, and 6 at. 
pet carbon and then the curve showing the relation 
between A and concentration was drawn (fig. 10). 
Each A value for a given concentration was com- 
~a 
puted from the diffusion equation, D = Ae”’, after 
appropriate substitutions of values of D, Q, e, R, and 
T had been made. 
Discussion of Results 


Results are given in tables 4 and 5 and in fig. 5 
to 10 inclusive. They are discussed primarily with 
respect to their accuracy and to the information 
they disclose. 

Accuracy of D: Standard error of estimate* val- 


* The meaning of standard error of estimate and examples illus- 
trating its usefulness in estimating limits of accuracy for a set of 
data are described in many statistical texts and technical papers.5,¢ 


ues have been computed and found to be such that 
a single determined D is “‘quite likely’’+ to be within 


if If on the average 19 or more times out of 20 a determined D is 
within 50 pet of the true value, then it is assumed that any 
enue value is ‘“‘quite likely” to be within 50 pct of the true 
value. 


+50 pct of the true value and that the D at a given 
temperature and for a given carbon concentration, 
represented by a point on the appropriate line show- 
ing the determined relation between D (log scale) 
and 1/T, is quite likely to be within +10 pct of the 
true value. The validity of these conclusions de- 
pends on the validity of assumptions that (1) the 
distribution of D values, at a given temperature 
and composition, for the hypothetical population 
from which D values are drawn is represented by 
a normal curve where the scale for D values is 
logarithmic and the scale for frequency is linear, and 
(2) sampling is random. Since data points around 
each line representing the relation between D (log 
scale) and 1/T (fig. 5, 6, and 7) fall within the 
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Fig. 8—Shows the relation between diffusion co- 
efficient at 1127°C and carbon concentration. 


Curves A and B are based on results from Method A, and 

data points (centers of circles) are based on results from 

Method B. Method A involves the Matano and Method B 

the Grube solution of Fick’s law. Numbers close to data 
points are test numbers. 
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limits expected (all within 3 times the standard 
error of estimate), the authors have accepted the 
~ assumptions as being justified. 


-Accuracy of Q: It appears “quite likely” that the 
difference between computed and true Q values at 
a given concentration is less than 2,000 g-cal per 
g atom when the concentrations lie between 2 and 
5 at. pet carbon. The difference between computed 
and true Q values is ‘‘quite likely’ less than 2,500 
cal when the concentration is 1 at. pct, and less than 
4,500 cal when it is 6 at. pet. These conclusions are 
based on a computed value of the standard error 
of each slope.* 


* Information showing how to calculate the standard error of b, 
the slope in the equation, y = a + bx, and an explanation of the 
meaning of the standard error of b (designated on») is given in 
Ezekiel’s book,” p. 312 to 315. 


Accuracy of A: As already mentioned, values of 
A are computed after substituting determined val- 
ues of D and Q, accepted values of e and R, and an 
assumed value of T in the diffusion equation. Ob- 
viously if the diffusion equation and all the sub- 
stituted values were correct, then computed and 
“true” A values would be alike. Actually, deter- 
mined @ and D values normally differ sufficiently 
to cause together considerable error in A. 

Since it appears quite likely that (1) a D value 
at a given temperature and for a giveri concentra- 
tion represented by a point on the appropriate line 
showing the determined relation between D (log 
scale) and 1/T is within +10 pct of the true value 
and (2) a determined @ value for the same con- 
centration (providing it falls within 2 and 5 at. pct) 
is within 2,000 cal of the true Q value, the influence 
of a 10 pct error in D and of a 2,000 cal error in Q 
on computed A values have been calculated. Actu- 
ally a 2,000 cal change in Q causes a much greater 
error in computed A values than does a 10 pct 
change in D. An increase of 2,000 cal in @ causes 
the determined A value to be increased by about 
125 pct and a decrease of 2,000 cal-in @ causes the 
determined value to be decreased by about 60 pct. 
A 10 pct error in D causes a 10 pct error in A. 

It is estimated that if the relation between D and 


Q (CALORIES) 


) 10 20 30 40 50 6.0 70 
ATOMIC PER CENT CARBON 
Fig. 9—Curve showing the relation between Q, 
activation heat of diffusion, and carbon 


concentration. 
Q@ is given in gram-calories per gram atom. 


1/T for a given concentration in the range between 
2 and 5 at. pct carbon were determined as in this 
investigation a sufficiently large number of times 
and appropriate D (log scale) versus 1/T lines were 
drawn, then on the average (1) D values at a given 
temperature represented by comparable points on 
the lines would be so distributed that about 5 pct 
of the estimated D values would be higher or lower 
than the true D value by 10 pct or more, (2) slopes 
of the D (log scale) versus 1/T lines would be so 
distributed that about 5 pct of the determined Q 
values would be higher or lower than the true Q 
value by 2,000 cal or more, and (3) about 2.5 pct 
of the computed A values would be higher than the 
true A value by 125 pct or more and about 2.5 pct 
would be lower by about 60 pct or more. 

Relation between D and 1/T: The relation be- 
tween the diffusion coefficient, D, and the reciprocal 
of temperature at several carbon concentrations is 
indicated by straight lines in fig. 5, 6, and 7. The 
lines together with the data points plotted in these 
figures are self-explanatory. Straight lines repre- 
senting the relation are drawn because (1) the 
diffusion equation indicates that a linear relation 
exists between log D and 1/T, (2) the pattern of 
each set of data points suggest a straight line, and 
(3) a statistical analysis of each set of data, with 
one exception, indicates that between 98 and 99 pct 
of the total variation observed in log D is probably 
caused by the variation of 1/T, leaving only 1 or 2 
pet to be explained as due to other causes.* It ap- 


* This conclusion is based on the fact that determined correla- 
tion coefficients for the six sets of data showing the relation be- 
tween D (log scale) and 1/T at six concentrations are —0.993, 
—0.994, —0.995, —0.994, —0.992, and —0.966, respectively. The 
interaction of one variable on another, 1/T on log D in this instance, 
may be expressed approximately by 12 where r represents the 
correlation coefficient. 


pears reasonable to accept this 1 or 2 pct as result- 
ing from experimental error. 

Matano’s Solution of Fick’s Law: Results indicate 
that the provision in Matano’s equation for taking 
into account the variation of D with concentration 
when one computes D is probably correct. Consider, 
for example, D values at 1127°C and for a composi- 
tion of 6.17 at. pet computed from data for Test 36 
and for Test 38. In Test 36, Steel 24 (7.67 at. pet — 
1.75 wt pct carbon) was welded to Iron 2 (0.07 at. 
pet — 0.015 wt pct carbon). The couple was heated 
at 1128°C for 20.5 hr. A D value at 1127°C and for 
a carbon concentration of 6.17 at. pct was computed 
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Fig. 10—Curve showing the relation between 
the constant A in the diffusion equation and 
carbon concentration. 


using the Matano solution and found to be 27.5 x 
10“ cm’ per sec. In Test 38, Steel 23 (6.68 at. pct — 
1.51 wt pet carbon) was welded to Steel 16 (5.66 at. 
pet — 1.27 wt pct carbon). The couple was heated 
at 1122°C for 20.25 hr. A D value at 1127°C and 
for a carbon concentration of 6.17 at. pct was com- 
puted using the Grube solution and found to be 
27.7 x 10% cm’ per sec. Agreement between the two 
values of D, 27.5 and 27.7 x 10% cm’ per sec., re- 
spectively, supports the conclusion given above. Ap- 
parently the difference between the volume change 
accompanying diffusion in the Test 36 couple and 
the volume change accompanying diffusion in the 
Test 38 couple did not affect computed D values. 


Effect of Concentration on D, Q, and A: The effect 
of concentration on D, Q, and A is shown in fig. 4, 
8, 9, and 10. D increases while Q@ and A decrease 
with increasing concentration. 


Effect of Boron and Silicon on D: Results listed 
in table V show that within the limit of experi- 
mental error neither boron up to 0.009 pct nor 
silicon up to 2 pct significantly affects D. While it 
is suspected that both boron and silicon lower D 
slightly, the evidence is not conclusive. 


A 


Summary 


1. The diffusion coefficient, D, has been deter- 
mined in a temperature range of 750° to 1300°C 
and in a composition range of 1 to 7 at. pct carbon. 
D values represented by points on each line showing 
the relation between D (log scale) and the recipro- 
cal of temperature are probably correct within +10 
pet. 

2. Values of Q, the activation heat of diffusion, 
have been calculated and found to decrease with 
-increasing concentration. Q@ values are probably 
correct within (1) 2,500 cal at a concentration of 
1 at. pet carbon, (2) +2000 cal at concentrations 
between 2 and 5 at. pct and (3) +4500 cal at a 
concentration of 6 at. pct. 

3. The value of the A constant in the diffusion 
equation at each of several concentrations has been 
computed. A has been observed to decrease with 
increasing concentration. If the determined Q 
should be 2,000 cal higher than true Q, A would be 


in error by about 125 pct and if Q should be 2,000 
cal lower than true Q, A would be in error by about 
60 pct. 

4. D increases first slowly and then more rapidly 
with increasing concentration. 

5. While it appears that each element, boron up 
to 0.009 pct and silicon up to 2 pct, lowers D slightly, 
the evidence is not conclusive. 

6. Evidence is given supporting the belief that 
the provision in Matano’s equation for taking into 
account the variation of D with concentration is 
essentially correct. 
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Ca rbides in Long-tempered 


Vanadium Steels 


by Walter Crafts and John L. Lamont 


Study with the electron microscope of the carbides in yanadium- 
chromium-molybdenum steels after tempering up to 1000 hr at 600 
to 1400°F confirmed that alloy carbides are formed at the second- 
ary hardening temperature by decomposition of the plate-like iron 

carbides. It was also demonstrated that vanadium carbide persists 

as much smaller particles than do chromium- or molybdenum- 

bearing carbides. Conditions conducive to the formation of fine 

vanadium carbides are indicated to be favorable for high tempera- 
ture strength. 


Ts order to determine the effects of long exposure 
at high temperatures on vanadium-bearing steels, 
a survey has been made of their hardness and car- 
bide structure. The behavior of carbides in the 
tempering of martensite was studied by X ray dif- 
fraction and electron microscope examination of 
electrolytically extracted residues in greater detail 
than in an earlier investigation.* 
A group of steels with about 0.25 pct carbon and 
containing chromium up to 5 pct, molybdenum up 
to 1 pct, and vanadium up to 1 pct was either 
quenched or annealed and then tempered for peri- 


WALTER CRAFTS, Member AIME, and JOHN L. 
LAMONT are Chief Metallurgist and Research Metal- 
lurgist, respectively, Union Carbide and Carbon Re- 
search Labs., Inc., Niagara Falls, N. Y. 

AIME New York Meeting, Feb. 1950. 

TP 2750 E. Discussion (2 copies) may be sent to 
Transactions AIME before Apr. 1, 1950, and is sched- 
uled for publication Nov. 1950. Manuscript received 
Oct. 14, 1949. 


ods of up to 1000 hr at 600° to 1400°F. Their hard-- 


ness after tempering agreed with the Hollomon and 
Jaffe’ relation of equivalency of time and tempera- 
ture, and with the degree of secondary hardening 
predicted from composition. Further, the appear- 
ance of the carbides indicated that the time and 
temperature equivalency relation was also applica- 
ble to the degree of carbide development. The 


mechanism of the tempering of martensite was 
demonstrated more clearly than in the earlier study. 
It was confirmed that carbides develop from mar- 
tensite as poorly defined plates of the Fe.C type 
carbide followed by thickening of the plates with a 
transition to Fe,C. Finally the plate structure de- 
teriorates into a lacy mass from which alloy car- 
bides emerge as chunky particles that grow slowly 
with further increase of tempering temperature. 

Vanadium carbide derived from tempered mar- 
tensite was found in characteristically small parti- 
cles that tended to grow very slowly. The addition 
of chromium or molybdenum to a steel with pre- 
dominant vanadium carbide tended to introduce 
carbides of a chromium- or molybdenum-bearing 
type having a somewhat larger particle size. The 
Cr,C, type carbide particles were larger than those 
of the V.C; type and somewhat smaller than the 
carbides in steel containing both Cr,C and M,C. 
Similar observations were made of the carbides in 
the pearlite of annealed steels. It appeared that 
high temperature properties would be benefited by 
the retention of the fine carbide particles that re- 
sult from a balance of composition and heat-treat- 
ment designed to produce a maximum amount of 
vanadium carbide. 


Procedure: The steels used in the investigation 
were made with a base of Armco iron in a high- 
frequency furnace at the Union Carbide and Carbon 
Research Labs., Inc. The steels were deoxidized 
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Table I. Analyses of Steels 


Steel Composition, Pct 
Steel No. Cc Mn Si Cr Mo Vv 
sf 0.26 0.32 0.24 0.93 
2 0.25 0.36 0.32 2.83 
3 0.21 0.30 0.21 4.79 
4 0.16 0.34 0.26 0.90 0.29 
5 0.20 0.35 0.31 0.96 0.52 
6 0.23 0.36 0.37 0.98 1.04 
it 0.28 0.35 0.34 3.01 0.30 
8 0.28 0.38 0.36 2.96 1.05 
9 0.25 0.32 0.21 4.76 0.29 
10 . 0.26 0.28 0.24 4.69 1.03 
11 0.21 0.31 0.19 4.58 0.99 0.29 
12 0.25 0.31 0.23 4.66 0.92 1.02 


with manganese and silicon only. The analyses of 
the steels are given in table I. 

The 3-in. square ingots of the steels were forged 
to l-in. square bars which were cut into 8-in. 
lengths for heat-treatment. Annealing was carried 
out in electric muffle furnaces at 1830°F after a 
holding time of 1 hr at temperature. Quenching 
treatments were from a salt bath at 2200°F after a 
12-min immersion. This high temperature was con- 
sidered to be necessary to dissolve vanadium car- 
bide in austenite. Prior to the high -temperature 
treatment the specimens were held in a salt bath at 
1600°F for 34 hr and then transferred to the high 
temperature salt bath. After quenching or anneal- 
ing, the specimens were immediately immersed in 
liquid oxygen to minimize residual austenite. The 
heat-treated bars were cut into 4-in. slices and 
tempered at 600°, 800°, 1000°, 1200°, and in some 
cases at 1400°F for periods of 1, 2, 10, 100, and 1000 
hr. : 


Hardness Tests: The tempered slices were care- 
fully ground to remove scale and decarburization. 
Hardness was measured as Rockwell C, but for in- 
terpretation it was found desirable to convert the 
hardness data to Vickers Pyramid Hardness by use 
of the A.S.T.M. Spec. E48-T43 conversion table. 

Because of their volume, it is impossible to pre- 
sent the whole mass of hardness data obtained in 
this investigation. Generally, the annealed samples 
were low in hardness (—10 to +15 R,) and changed 
little in hardness with either tempering temperature 
or time except at the very highest temperatures. 
The tempered hardness data from the samples that 
were oil-quenched from 2200°F prior to tempering 
are presented graphically in fig. 1. The tempering 
temperatures for periods of 1, 2, 10, 100, and 1000 
hr were calculated by the Hollomon and Jaffe rela- 
tion’ to hypothetical temperatures that would give 
an equivalent degree of tempering in a 2-hr period. 
In fig. 1, the data are plotted logarithmically as 
Vickers hardness and calculated absolute tempera- 
ture. The experimentally determined hardness 
values were consistent with the hardness calculated 
from composition’. 

The balance in alloy content, at this carbon level, 
necessary to maintain the as-quenched hardness 
after tempering at high temperatures is illustrated 
in the diagrams of fig. 1. In the plain 1 pct chromium 
steel the hardness decreased progressively with in- 
crease in tempering temperature. As the steel was 


enriched with vanadium secondary hardening took 
place and reached a maximum at about 1000°F 
(for 2 hr). The maximum secondary hardness at- 
tainable for this carbon content was not obtained 
until 1 pet vanadium was present. Increasing the 
chromium content to 3 pct eliminated the inter- 
mediate softening observed in the lower chromium 
steels, and at 1 pect vanadium maximum hardness 
was maintained after tempering at temperatures up 
to 1000°F (for 2 hr). With 5 pct chromium, 0.3 pct 
vanadium was effective in preventing softening at 
temperatures below 1000°F (for 2 hr), while the 
addition of 1 pct vanadium extended this maximum 
temperature to about 1050°F (for 2 hr). In the 
5 pet chromium-1 pct molybdenum steel, 0.3 pct 
vanadium appeared to be as effective as 1 pct 
vanadium in retarding softening. 

It is apparent that the tendency toward secondary 
hardening in the range of 1000 to 1050°F (for 2 hr) 
is principally governed by the amount of alloy in 
the steel. Even though the method of calculating 
secondary hardening in tempering’ is made by ar- 
bitrarily assuming that the carbon is associated 
with the alloying elements as alloy carbides, the 
hardness basically is proportional to the amount and 
kind of alloy present. It was found, however, in the 
work described below that the hardness of steels 
tempered for long times at temperatures above the 
secondary hardening temperature was governed 
more by the type and size of carbide particles than 
by the total amount of alloy present. 


Metallographic Study of Tempering Reactions: 
After a preliminary microscopic examination, a 


‘selection of the more typical specimens was made in 


order to determine the progress of tempering, and 
the effects of alloy composition with respect to the 
constitution and appearance of electrolytically ex- 
tracted carbide residues. Steel No. 10 (4.69 pct Cr- 
1.03 pct V) was selected for examination of all of 
the specimens oil-quenched from 2200°F and tem- 
pered over the complete range of time (1 to 1000 
hr) and temperature (600 to 1400°F). This panel 
of specimens was designed to show the progress of 
tempering in a much more continuous and detailed 
manner than was possible in the earlier work and 
to study the equivalence of time and temperature 
on the carbide structure. This survey was supple- 
mented by a group of annealed specimens of the 
same steel that had been tempered for 1000 hr at 
600° to 1400°F. 

After examination of the metal section on the 
light microscope, carbide residues were extracted 
from the samples in the same manner as in previous 
investigations’ *. The electron micrographs were 
taken at an original magnification of 5,000 X or 
12,500 X and enlarged to 25,000 X. The composi- 
tions designated for the carbides were not deter- 
mined by analysis but are used for convenience in 
referring to the type of carbide structure. The d 
values for the carbide types are given in table II. 

The constituents identified by the X ray diffrac- 
tion of the carbide residues of Steel No. 10 are 
given in table III and the corresponding micro- 
graphs are shown in fig. 2 to 7. The X ray diffrac- 
tion data from the quenched specimens have been 
divided in table III into three parts to distinguish 
the three main stages in the tempering process. The 
first stage, which is characterized by the transition 
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Table II. Carbide Types Observed in X ray Diffraction Patterns of 
Electrolytically Extracted Residues 


FeoC Type ViCz (VC) Type Cr7Cs Type CraCz (CrosCe) Type M<C type* 
Relative Relative Relative Relative Relati 
d-A Intensity d-A Intensity | d-A Intensity | d-A Intensity | d-A ieee 
2.37 1 2.39 8 2.29 5 2.37 8 
2.05 3 2.06 10 2.10 8 2.16 8 Dat 5 
1.49 1 1.46 5 2.03 10 2.035 10 2.25 5) 
1:25 ) 1.88 1 gay! 5 2.12 8 
1.84 5 1.79 5 1.94 5 
1.80 5 1.76 3 1.84 1 
1.75 3 1.59 5 1.54 1 
1.43 1 1.32 1 1.435 il 
1.34 3 1.285 6) 1.34 1 
1.200 5 1.245 8 1.295 8 
1.180 5 1.22 5} 1.215 1 
1.165 3 1.185 3 1.200 1 
1.164 5} 1.195 1 
1.170 1 


*The metallic components of McC not determined. 


Table III. Carbides in Residues Extracted from Steel No. 10 (5 pet 
Cr-1 pet V) Oil-Quenched from 2200°F 


Tempering Tempering Temperature °F 
Time 

Hr 600 | 800 1000 1200 1400 

: Cr7Cg 2 | CrzC3 38 

1 Carbide Type FesC. 12] FesC 1 | FesC | 2 | VsCs= 1 | VuCg ~8 
Hardness V.P.H. 473 466 472 376 236 

Equiv. 2 Hr Temp* 584°F 781°F 978°F 1175°F 1372°F 

: Cr7C3 3 Cr7C3 3 

2 Carbide Type FesC 1] FesC 2 Blank VsCg 12 '| VuCg 8 
Hardness V.P.H. 468 458 466 342 232 

_ 600°F 800°F 1000°F 1200°F 1400°F 

Cr7;Cg3 3 | Cr;Cg 3 

10 Carbide Type FesC 2 | FesC ) 2 | CriCs ? | VaCg 3 | VaCg 4 
Hardness V.P.H. 458 455 462 263 189 

Equiv. 2 Hr Temp* 637°F 845°F 1052°F 1259°F 1456°F 

Cr7Cg 3 Cr7zC3 4 Cr7C3 4 

100 Carbide Type FesC 2 | FesC 2] VaCg3 1 | VaCg 4 | VaCg 4 
Hardness V.P.H. 459 466 398 231 174 

Equiv. 2 Hr Temp* 691°F 908°F 1125°F 1343°F 1560°F 

Cr7;C3 3 Cr7C3z 3 Cr7C3 4 

1000 Carbide Type FesC 1 | FesC 2? | VaCgs 2 | VaCz 4 | VaCg *# 
Hardness V.P.H. 451 475 316 194 129 

Equiv. 2 Hr Temp* 744°F 972°F 1199°F 1426°F 1654°F 

Annealed from 1830°F 7 

Cr7C3 3 Cr7zC3 3 Cr7C3 3 Cr7C3 3 Cr7zC3 3 

1000 Carbide Type ViCz 4 | VaCz 4 | VaCz 4 | V4Cg 4 | VsCz3 4 
Hardness V.P.H. 140 141 138 132 107 


* Calculated to 2-hr tempering period by Hollomon and Jaffe relation. 


+ As-annealed carbide types Cr7zCz (?) 
1 Weak Intensity 

2Fair Intensity 

3 Good Intensity 

4Strong Intensity 


carbide, designated at Fe.C, was found only after 
short times at 600°F. The second stage, represent- 
ing the development of the Fe,C type carbide, ex- 
tended from longer tempering periods at 600°F to 
the short time treatments at 1000°F. The third 
stage, characterized by the presence of alloy carbide, 
was encountered after the longer periods at 1000°F 
and at higher temperatures. The transition from 
the second to the third stage was accompanied. by 
weakening of the Fe,C pattern, especially after 2 
and 10 hours at 1000°F, and gradual strengthening 
of the patterns of Cr,C, and V.C; type carbides. As 


and V.4C3 (4)—-Hardness 155 V.P.H. 


has been observed previously, the transition to al- 
loy carbide coincided with the maximum tendency 
toward secondary hardening. The temperatures 
corresponding to 2-hr tempering periods calculated 
according to the relation of Hollomon and Jaffe’ are 
given in table III for comparison of equivalent 
tempering treatments. It will be noted that the 
hardness of specimens tempered for 1 hr tended to 
be relatively high, as if an incorrect allowance had 
been made of the time required for heating. There 
is also a slight and inconsistent tendency for the 
carbide structure of these specimens to show a rela- 
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Fig. 1—Hardness of steels oil quenched from 2200°F. 


After tempering up to 1000 hr. (Temperatures converted to 2-hr tempering period.) 


tively poor development. If the 1-hr specimens are 
neglected, the others follow a fairly regular grada- 
tion-at intervals of about 50°F in calculated equiva- 
lent degree of tempering, and it may be seen that 
the intensity of the X ray diffraction patterns and 
the stage of development of the carbides, fig. 2-6, 
are fairly consistent with the calculated degree of 
tempering regardless of the specific time and tem- 
perature of treatment. 
’ The residue of the as-quenched specimen of Steel 


No. 10 (not shown) had the amorphous cloudy 
structure typical of that of martensite. After tem- 
pering 1 hr at 600°F (fig. 2a) considerable coagula- 
tion to a fuzzy plate-like structure had taken place. 
From the specimen tempered 1 hr at 600°F, through 
the longer times at 600°F (fig. 2b, c), and those 
tempered up to 100 hr at 800°F (fig. 3a, b) there 
was a gradual tendency toward increase of the 
amount and definition of the plate-like material. 
The nebulous ground mass finally tended to merge 
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wat * 


Fig. 2—Steel No. 10—0.26 pct C-4.69 pet Cr-1.03 pct v. 


Oil quenched from 2200°F. Cooled in liquid oxygen. Tempered at 600°F. Electron micrographs < 25,000. a. 1 hr. b. 100 
hr. c. 1000 hr. d. Microstructure after 1000 hr. X2000. Slightly reduced in reproduction. 


into the plates. The transition from the Fe.C to the 
Fe,C type of carbide after 2 hr at 600°F was not 
reflected in a discontinuous change in the structures. 
As the degree of tempering was extended beyond 
100 hr at 800°F, there was a significant decomposi- 
tion of the plate structure. After 1000 hr at 800°F 
(fig. 3c) the plates tended to become indistinct 
and a granular or lacy cloud-like structure ap- 
peared. This deterioration of the plates was more 
evident after 2 hr at 1000°F (fig. 4b) and the plate 
structure had virtually disappeared after 10 hr at 
1000°F (fig. 4c). These cloud-like structures also 
gave blank or very weak X ray diffraction patterns 
as a result of their very fine or confused nature. 
On further tempering the cloud-like structure 
~ coarsened somewhat with the eventual develop- 
ment of connected fine particles. In addition, there 
was a rather abrupt appearance of fairly well de- 
fined, moderately coarse particles after tempering 
for 100 hr at 1000°F (fig. 4d). Some dark spots in 
fig. 4c might be considered to be the same constitu- 
ent, but the progression is not as obvious as in the 
further development of the particles at higher de- 
grees of tempering. The appearance of these parti- 
cles coincided with the identification of alloy car- 
bides of the Cr,C, and V.C,; types. The microstruc- 
tures of the metal after 1000 hr tempering at 600°, 
800°, and 1000°F (fig. 2d, 3d, and 4f) revealed only 
a gradual progression of the tempering reaction, 


even though they represent specimens in which the 
appearance of the carbide residues was significantly 
different. 

Tempering at 1200° and 1400°F resulted in addi- 
tional growth but little qualitative change in the 
appearance of the carbides. After 1000 hr at 1200°F 
the microstructure of the metal (fig. 5d) indicated a 
spheroidized condition. The corresponding electron 
micrograph of the carbide residue (fig. 5c) revealed 
some fine carbides that were translucent to the 
electron beam and larger carbide particles tending 
toward idiomorphic shapes. Further growth took 
place in tempering at 1400°F and after 1000 hr the 
carbides were moderately large (fig. 6c) and their 
crystalline shape could even be visualized in the 
microstructure of the metal (fig. 6d). Although the 
X ray diffraction patterns became stronger with 
more severe tempering, there was no change in the 
carbide types and Cr,C,; and V.C,; persisted at all 
tempering treatments beyond 100 hr at 1000°F. The 
carbide particles that remained small and thin after 
strong tempering are believed to be of the V.C, 
type, whereas the larger particles are considered 
£0 -bex.Cr,C;. 

The appearance of carbides in the annealed con- 
dition and after tempering the annealed specimens 
for 1000 hr is illustrated in fig. 7. The larger car- 
bide particles were similar to those formed in iso- 
thermally transformed pearlitic chromium steels* 
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Fig. 3—Steel No. 10—0.26 pct C-4.69 pct Cr-1.03 pet V. 


Oil quenched from 2200°F. Cooled in liquid oxygen. 
hr. c. 1000 hr. d. 


and were changed little by tempering as high as 
1200°F. As shown in fig. 7a the as-annealed speci- 
men contained an appreciable amount of very fine 
particles of many different shapes and the micro- 
scopic specimen (fig. 7b) tended to stain in etching, 
probably as a result of the presence of some aus- 
tenite transformation at low temperatures. There 
was an initial tendency toward growth of the 
small particles in tempering at 600°F (fig. 7c) that 
was accompanied by a lessened tendency toward 
staining in etching of the microscopic specimen 
(fig. 7d), but many of these particles remained small 
and thin enough to be translucent to the electron 
beam even after strong tempering. The appearance 
of the larger carbides (fig. 7a, c, and e) is con- 
sidered to indicate no significant change as a result 
of tempering up to a temperature of 1400°F (fig. 7g) 
at which some growth occurred. This observation 
was also confirmed by the appearance of the micro- 
structure of the metal specimens in which growth 
of the carbides was apparent after tempering at 
1400°F (fig. 7h). The constituents indicated by 
X ray diffraction were the Cr,C; and V.C, types 
throughout the whole range of tempering. It is 
considered probable that the larger carbide type is 
Cr,C, and that the smaller is V.Cg. 


Tempered at 800°F. Electron micrographs < 25,000. a. 2 hr. b. 100 
Microstructure after 1000 hr. X2000. Slightly reduced in reproduction. 


Effects of Alloys on - Tempered Carbides: A study 
was also made of the carbide structures of some of 
the steels listed in table I in order to determine the 
effect of different alloy compositions on carbide type 
and size. A plain 5 pct chromium steel (No. 3), a 
low chromium-vanadium steel (No. 6) and two 
molybdenum-bearing chromium-vanadium steels 
(Nos. 11 and 12) were selected to secure a variety 
of carbide types. The examination was made on 
specimens that were oil-quenched from 2200°F or 
annealed from 1830°F and tempered for 1000 hr at 
1200°F. The structures are illustrated in fig. 8 to 
11 and the X ray diffraction and hardness data are 
shown in tables IV and V. 

The structures found in Steel No. 3 (4.79 pct Cr) 
are shown in fig. 8. The carbides in the quenched 
and tempered specimen were of the Cr,C, type and 
of the appearance shown in fig. 8a. Both elongated 
and more massive particles of fairly well defined 
crystalline shapes were present. The size of the 
carbides in this plain chromium steel was con- 
siderably larger than that of the carbides that were 
presumed to be of the Cr,C; type in the correspond- 
ing specimen of chromium-vanadium Steel No. 10 
(fig. 5c). The annealed and tempered specimen 
(fig. 8c) had long rod-like carbides that were very 
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~~ Fig. 4—Steel No. 10—0.26 pet C-4.69 pet Cr-1.03 pet V. 


Oil quenched from 2200°F. Cooled in liquid oxygen. Tempered at 1000°F. Electron micrographs X 25,000. a. 1 hr. b. 2 


hr. c. 10 hr. d. 100 hr. e. 1000 hr. 


similar to those found in isothermally transformed 
plain chromium steel’, and it is probable that. tem- 
pering at 1200°F had little effect on their appear- 
ance. 

In Steel No. 6 (0.98 pct Cr-1.04 pct V) only the 
V.C, type carbide was identified. As shown in fig. 
9a, the carbide particles formed by tempering mar- 


f. Microstructure after 1000 hr. 


X2000. Slightly reduced in reproduction. 


tensite were smaller than in the comparable speci- 
men (fig. 5c) of Steel No. 10 which contained 5 pct 
chromium, 1 pct vanadium, and both Cr,C, and 
V.C, types of carbides. Similarly, in the annealed 
and tempered condition (fig. 9c), the carbides de- 
rived from pearlite were relatively small and 
chunky as compared with the elongated and larger 


TRANSACTIONS AIME, VOL. 188, MARCH 1950, JOURNAL OF METALS—567 


i hed from 2200°F. Cooled in liquid oxygen. Tempered at 1200°F. Electron micrographs « 25,000. a. 10 hr. b. 
eee 100 hr. c. 1000 hr. d. Microstructure after 1000 hr. X2000. Slightly reduced in reproduction. 


Table IV. Carbides in Residues Extracted from Samples 
Tempered 1000 hr at 1200°F 


Steel Quenched Annealed 
No. | Pct Cr |Pct Mo| Pct V from 2200°F | from 1800°F 

Carbide Type Cr;C3 4 CriCg 3 

3 4.79 Hardness V.P.H. 176 138 
Carbide Type ViaC3 4 ViCz 4 

6 0.98 1.04 Hardness V.P.H. 206 133 
Criec 4 Cric 3 
Carbide Type MeC 4 MeC 3 

11 4.58 0.99 0.29 Hardness V.P.H. 181 217 


3-Good Intensity 
4Strong Intensity 


carbides found in the pearlitic steels in which Cr,C, conditions of heat-treatment the Cr,C or M,C type 
was the predominant carbide type. of carbide tends to grow more rapidly than the 
Steel No. 11 (4.58 pct Cr-0.99 pct Mo-0.29 pct V), V.C, or Cr,C; types. In the annealed specimen (fig. 
in the quenched and tempered condition exhibited 10c), which also contained Cr,C and M,C, there 
relatively coarse carbides (fig. 10a) as compared appeared to be two forms of carbide particles. One 
with other steels treated in a similar manner. The was the elongated type typical of pearlite in 
carbide types were Cr,C and M,C. There appeared chromium steel and the other. was a small chunky 
to be two characteristic sizes of carbide in this type. 
specimen but particle size was not identified with The more highly alloyed Steel No. 12 (4.66 pct Cr- 
carbide type. It would appear that under these 0.92 pet Mo-1.02 pct V) was examined after quench- 
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Fig. 6—Steel No. 10—0.26 pct C-4.69 pct Cr-1.03 pet V. 


y 6 i a7 eR ROD 


Oil quenched from 2200°F. Cooled in liquid oxygen. Tempered at 1400°F. Electron micrographs < 25,000. a. 10 hr. b. 


100 hr. c. 


Table V. Carbides in Residues Extracted from Steel 
No. 12 (5 pet Cr-1 pet Mo-1 pct V) Tempered 1000 Hr 


Oil-Quenched from 2200°F 


Tempering Temperature °C 
Before 
Tempering 600 800. 1000 1100 
CriCs 2 
; ViC3. 3 
Carbide Type Blank FesC 1/FesC 1/ViC3  1)Mc6C 8 
Hardness V.P.H. 457 458 492 395 208 
- Annealed from 1830°F 
CriCg 3 
3 CriC 2 CriCg 2/CraCg 2/CraCz3 3|VaCe 8 
Carbide Type ViC3 8 |1VaCz 8/VaC3- 8/ViC3 8|MeC 8 
Hardness V.P.H. 181 v7; 175 174 152 


1 Weak Intensity 
® Fair Intensity 
83 Good Intensity 


ing or annealing and tempering for 1000 hr at 600° 
to 1200°F. The X ray diffraction results are given 
in table V. The quenched specimens contained Fe,;C 
after tempering at 600° and 800°F, but after tem- 


1000 hr. d. Microstructure after 1000 hr. X2000. Slightly reduced in reproduction. 


pering at 1000°F, only V,C; was found, and after 
tempering at 1200°F, V.C;, Cr.iC, .and M,C were 
present. As illustrated in fig. lla, the carbide 
particles were relatively small but quite mixed in 
size, some being comparable to those in Steel No. 10 
(fig. 5c) while many, believed to be V,Cs, were so 
thin as to be readily penetrated by the electron 
beam. A somewhat similar condition was found in 
the annealed specimen (fig. llc) which, in addi- 
tion, contained some very large particles. 

In reviewing these structures it is apparent that 
different types of carbide have specific tendencies 
to growth, so that they have characteristic particle 
sizes after a given heat-treatment. Vanadium car- 
bide tended to persist at a much smaller average 


‘size than the other carbides. The typical carbides 


found in the molybdenum-bearing steels, Cr,C or 
M,C or both, were somewhat larger than in the 
steels containing Cr,C, type carbides. It is, there- 
fore, concluded that the growth tendency in the 
carbides studied is least for V,C;, intermediate for 
CrC; “and! greatest for Cr,C, or M.C. As vis: well 
known, the formation of specific alloy carbide types 
depends on the balance of carbon and alloy ele- 
ments. Thus, the retention of fine carbide particles 
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Fig. 7—Steel No. 10—0.26 pet C-4.69 pet Cr-1.03 pet V. 


Annealed from 1830°F. Cooled in liquid oxygen. Tempered 1000 hr. a, b. As-annealed. c, d. 600°F. e, f. 1200°F. g, h. 
1400°F, Extracted residue, X%5,000 microstructure. X2000. 


Slightly reduced in reproduction. 
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4.69 pet Cr-1.03 pet V. 


Fig. 7 (continued) —Steel No. 10—0.26 pet C- 
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Fig. g—Steel No. 3—0.21 pet C 
led in liquid oxygen. © d. Annealed 
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c 
Fig. 9—Steel No. 6—0.23 pct C-0.98 pct Cr-1.08 pct V. 
z 96 Ce eee : led 
d 1000 hr at 1200°F. a, b. Oil quenched 2200°F. Cooled in liquid oxygen. Cc, d. Annealed from 1830°F. Coo 
ite in liquid oxygen. Extracted residue, %X25,000 microstructure. X2000. Slightly reduced in reproduction. 
a 
a 


Fig. 10—Steel No. 11—0.21 pet C-4.58 pct Cr-0.99 pet Mo-0.29 pet V. 


Tempered 1000 hr at 1200°F. a, b. Oil quenched 2200°F. Cooled in liquid oxygen. c, d. Annealed from 1830°F. Cooled 
in liquid oxygen. Extracted residue. X25,000 microstructure. X2000. Slightly reduced in reproduction. 
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Tempered 1000 hr at 1200° F. a, b. Oil 
a in liquid oxygen. Extracted residue. 


requires a relatively high proportion of vanadium 
to carbon and strongly carbide-forming elements. 
For example, an increase of chromium from 1 pct 
in Steel No. 6 (fig. 9a) to 5 pet in Steel No. 10 (fig. 
5c) produced a noticeable increase in the average 


Fig. 11—Steel No. 12—0.25 pet C-4.66 pet Cr-0.92 pet Mo-1.02 pet V 


quenched 2200°F. Cooled in liquid oxygen. c, d. Annealed from 1830°F. Cooled 
X25,000 microstructure. X2000. Slightly reduced in reproduction. 
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carbide size accompanying the partial change to 
Cr.C,;. Similarly, the presence of 1 pct molybdenum 
and 0.3 pet vanadium in Steel No. 11 (fig. 10a) as 
compared with the plain chromium Steel No. 3 (fig. 
8a) resulted in a change of carbide type and an in- 
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crease of particle size. Since the relations between 
steel composition and carbide types are quite com- 
plex, much more information is required in order 
to control the types of alloy carbides. 

In addition to the general order of size character- 
istic of each type of carbide there were strong 
indications that the alloy composition of the steel 
and its previous treatment influenced the character- 
istic size of a given type of carbide. For example, 
the size of Cr,C, particles in the quenched and 
tempered specimen of vanadium-bearing Steel No. 
10 (fig. 5c) was smaller than in the similar vana- 
dium-free Steel No. 3 (fig. 8a). Also in the specimen 
of Steel No. 11 (fig. 10a) that was quenched and 
tempered at 1200°F, the Cr,C or M,C particles were 
much coarser than in the comparable specimen of 
the higher vanadium Steel No. 12 (fig. lla). It is 
also notable that the specimen of Steel No. 12 that 
was quenched and tempered at 1000°F contained 
only the VC, type of carbide, whereas tempering 
at 1200°F produced V.C;, Cr.C, and M,C. This sug- 
gests that the initial appearance of Cr,C and M,C 
came at a later stage in the tempering as a transi- 
tion from V.C,; and that there might have been in- 
sufficient opportunity for the new carbides to de- 
velop or that the slow growth tendency of V,C; was 
inherited. The large particles in the annealed speci- 
men of this steel suggest that the presence of vana- 
dium in the steel did not greatly change the com- 
position of Cr,C.or M,C carbides and that eventually 
similar growth might be expected in the further 
tempering of quenched specimens. These observa- 
tions indicate that carbide particle size is not only 
affected by the type of alloy carbide, but also by 
the manner in which it was formed and the types 
of parent and associated carbides. 

For those applications in which carbide size is 
critical, and it is presumed that high temperature 
service would be such a case, it is evident that 
proper balancing of composition and heat-treat- 
ment is very important. In view of the uncertainty 
in the factors that control creep strength, a cate- 
gorical assumption of optimum carbide form and 
size is not possible, although it would appear that 
the very large carbides remaining after an in- 
effective austenitizing treatment are less effective 
than the smaller carbides precipitated from austen- 
ite or martensite. A relatively high temperature 
austenitizing treatment would, therefore, appear to 
be desirable, especially in high vanadium steels in 
which the solubility of vanadium carbide is limited. 
It would not only increase the amount of effective 
carbide, but also increase the proportion of the more 
preferable vanadium carbide. The optimum struc- 
ture resulting from transformation during cooling 
might depend on the specific type of carbide, but in 
steels in which vanadium carbide is predominant, 
and associated with other carbides, it would appear 
that a quench to martensite would help to produce 
fine carbide particles and to preserve them longer 
in subsequent exposure at high temperatures.* 


* A significant example of the benefit to be derived from careful 
balancing of composition and heat-treatment was recently reported 
by Wood and Rait.4 A steel with 0.25 pct carbon, 3 pet chromium, 
0.5 pet molybdenum, 0.5 pet tungsten, and 0.75 pct vanadium was 
carefully studied with respect to heat-treatment and carbon con- 
tent. By using high temperature normalizing and oil-quenching 
treatments to bring carbides into solution and by lowering carbon 
with the probable suppression of Cr7;C3 and development of Vu.Cs, 
they were able to produce a profound improvement in the stress- 
to-rupture time and the creep strength of the steel. 


Conclusions 

From this investigation of the mechanism of tem- 
pering on the carbides in vanadium steels, it may 
be concluded that: 

1. Secondary hardening of tempered martensitic . 
steels was developed to the degree anticipated, and 
tempering temperature and time were equivalent 
with respect to both hardness and progress of car- 
bide transition and growth. After severe tempering 
the hardness was governed by the size of the car- 
bide particles. 

2. Carbide residues extracted electrolytically 
from quenched steel tempered at intervals of 
equivalent temperature of about 50°F revealed the 
initial decomposition of martensite into a plate-like 
structure containing Fe.C type carbide. The plate 
structure became better defined with more temper- 
ing and the carbide type changed to Fe,C. After 
tempering at 800° to 1000°F the plate structure 
decomposed to a lacy cloud-like condition from 
which alloy carbides emerged. With further tem- 
pering the alloy carbide particles grew larger and 
tended to assume idiomorphic shapes. The temper- 
ing of annealed steel resulted in the early consolida- 
tion of incidental fine carbide particles, but little 
significant change in pearlitic carbides was observed 
until a more severe tempering than 1000 hr at 
1200°F was imposed on the steel. 

3. Depending upon the composition and alloy 
balance of the steel, alloy carbides of the V.Cs;, Cr,Cs, 
Cr,C, and M,C types were found in steels tempered 
for 1000 hr at 1200°F. Each type had a character- 
istic size and tendency to grow larger. The V.C; type 
was outstanding in its tendency to resist growth. 
The Cr,C; type was intermediate and either Cr.C or 
M,C or both tended to develop into larger parti- 
cles. The carbides of pearlite in the annealed speci- 
mens were characteristically elongated in the case 
of chromium and small and chunky in the case of 
vanadium. 

4. In order to retain fine carbides most per- 
sistently during exposure at elevated temperatures 
in complex vanadium steels, the composition should 
be balanced to make vanadium carbide the pre- 
dominant carbide phase. The heat-treatment should 
be designed to increase the effective amount of 
vanadium carbide and to avoid the early forma- 
tion of alloy carbides other than vanadium carbide. 
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Internal Friction of Cold-worked Metals 


UMEROUS investigators have observed that in- 
ternal friction accompanies cold-working of 
metals and the effect of annealing is to reduce this 
internal friction.» * However, most of the experi- 
ments were made at high stress amplitudes and the 
principal purpose was to study the increase of in- 
ternal friction as a result of the applied cyclic stress 
during measurement. In order to study the internal 
friction introduced by cold-working applied prior to 
the measurement, the stress level applied during the 
measurement of internal friction must be sufficiently 
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small. The results of measurement are significant 
and can be used for a base of comparison only when 
the applied cyclic stress is so small that the internal 
friction is independent of stress amplitude. 

Internal friction of cold-worked metals under 
small stress level has been studied by a number of 
workers.** The internal friction was measured 
around room temperature with a frequency of vibra- 
tion of the order of kilocycles per second. The 
purpose of this paper is to report a study of the 
change of internal friction when severely cold- 
worked aluminum was annealed at successively 
higher temperatures until it was completely recrys- 
- tallized. The measurements of internal friction 
were made over a range of temperature extending 
from room temperature up to the temperature of 
prior anneal. The frequency of vibrations used was 
about one cycle per second. 

The apparatus used for the internal friction meas- 
urements to be reported in this paper was a torsion 
pendulum with the specimen in wire form as the 
suspension fiber. The description of this apparatus 
and the method of measurement have been pre- 
viously given.* The applied stress was sufficiently 


small so that the magnitude of internal friction is . 


independent of stress level at each temperature 
range concerned. Corresponding to this stress the 


maximum shearing strain on the surface of the 


specimen is of the order of 10° and lower. The in- 


At Various Temperatures 
by T’ing-Sui Ke 


ternal friction (Q™’) is reported as 1/m times the 
logarithmic decrement. 


Internal Friction Versus Temperature of Anneal: 
Fig. 1 shows the internal friction measurements 
performed upon 99.991 pct aluminum subjected to 
95 pct reduction in area. The final diameter of the 
wire is 0.033 in. This figure gives a general survey of 
the effect of temperature of anneal and of tempera- 
ture of measurement. The internal friction of the 
cold-worked specimen was first measured at room 
temperature. It was then annealed at 50°C for one 
hour and the internal friction measured at 50°C 
and at room temperature. The same wire was suc- 
cessively annealed at higher temperatures for one 
hour and measurements were taken at the annealing 
temperatures and lower temperatures as before. 
Such a procedure was followed in order to stabilize 
the internal friction at the temperature of measure- 
ment so that during the measurement which gen- 
erally takes about half a minute, there is no detect- 
able change in internal friction. This series of 
measurements was made up to 450°C. After each 
annealing a short test piece of the specimen, which 
had received the same past thermal and mechanical 
treatments, was taken out for metallographic ex- 
amination. 

It is seen from fig. 1 that up to the annealing 
temperature of 250°C we have the following ob- 
servations: for any given temperature of measure- 
ment, the internal friction is lower the higher the 
temperature of prior anneal. When the annealing 
temperature is 290°C or higher, the internal fric- 
tion at the annealing temperature drops abruptly 
to a value which is much smaller than that for 
the previous curve. Metallographic examinations 
showed that the recrystallization of the specimen 
was completed after the annealing at 290°C. 

Fig. 1 shows that, as far as internal friction is 
concerned, there is no abrupt transition between 
the processes of recovery and recrystallization. 
Averbach has also reached the conclusion that re- 
covery may be a process analogous to recrystalliza- 
tion on the basis of X ray extinction measurements 
in brass.” 

The effect of annealing temperature upon the in- 
ternal friction at room temperature is shown by 
curve I of fig. 2. In this figure the internal friction 
at room temperature was plotted as a function of 
annealing temperature. It is seen that the internal 
friction decreases rapidly at first with an increase 
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Fig. 1—Effect of 
temperature of 
measurement 
and of prior 
anneal upon 
internal friction 
of cold-worked 
99.991 aluminum. 
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Fig. 2—Effect of annealing temperature upon internal 
friction at room temperature of cold-worked 99.991 
aluminum and other less pure aluminum. 


of annealing temperature. However, it becomes 
somewhat constant after a temperature of abut 300° 
C at which the specimen has recrystallized. This is 
in conformity with the high frequency measure- 
ments of Zener, Clarke and Smith on cold-worked 
alpha brass for the range of annealing temperatures 
up to 225°C.° The largest cold-working to which 
they subjected the specimen was 30 pct elongation. 
The internal friction they observed was more than 
one hundred times smaller. 

In Wegel and Walther’s study of the effect of 
annealing upon the room temperature internal fric- 
tion of copper and of commercial brass,* and in 
Norton’s study in the case of alpha-brass,” they all 


found that the internal friction at room tempera- 
ture first decreases and then increases with an- 
nealing temperature when the recrystallization 
temperature is reached. The measurements for 
aluminum with low frequency of vibration, as 
shown in fig. 2, are different from these observa- 
tions. 

The effect of annealing temperature upon the 
internal friction at room temperature of cold- 
worked aluminum specimens containing various 
amounts of impurities is shown by curves II and 
III in fig. 2. The internal friction of each speci- 
men was also lowered by annealing at a higher 
temperature until a somewhat constant value was 
reached. The lowest internal friction observed at 
room temperature was 0.00041 when a specimen 
containing 4 pct copper was annealed at 200°C. 
This low value of internal friction assures us that 
the “constant” parts of internal friction in curves 

_ I and II are much higher than the internal fric- 
tion background due to apparatus loss. We may 
thus consider that the room temperature internal 
friction is composed of two parts. One part is 
readily eliminated by annealing at a higher tem- 
perature while the other part is not. Fig. 2 shows 

that both parts were reduced by the presence of im- 
purities. 

It is seen that the “residual” internal friction 
shown in fig. 2 cannot be eliminated by annealing 
even at very high temperatures at which the speci- 
men has completely recrystallized. Consequently 
this internal friction possibly may not be connected 
with cold-working. Its superposition with the in- 
ternal friction introduced by cold-working may have 
caused the inconsistencies and discrepancies ob- 
served by previous workers especially in the cases 


where the cold-work internal friction is comparably 
small. 
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Internal Friction Versus Temperature of Meas- 
urement: Fig. 1 also shows that for a given tem- 
perature of prior anneal the internal friction in- 
troduced by cold-work is higher the higher the 
temperature of measurement. The temperature de- 
pendence of internal friction is, however, smaller 
at lower temperatures of measurement or for 
higher temperatures of anneal. Similar results 
have previously been observed in the cases of iron 
free from carbon and nitrogen* and of alpha 
brass.” These results are different from those ob- 
served by Zener, Clarke and Smith in slightly 
cold-worked alpha brass (2.4 pct elongation) with 
a frequency of vibration of 2,000 cycles per sec. 
They found that within the temperature range of 
20-90°C, the internal friction introduced by cold- 
work decreases slightly with increasing tempera- 
ture of measurement. 

The internal friction at 250°C after one hour 
annealing at this temperature is shown to be as 
high as 0.18. Such a high internal friction has 
not been reported previously in the literature. 

It is seen from fig. 1 that an internal friction 
peak (versus temperature) was well defined after 
the 350°C anneal. We have shown previously that 
this peak is associated with the viscous behavior 
_of grain boundaries in recrystallized specimens.” * 
The height of this peak for the several metals ob- 
served was around 0.10 and this is much smaller 
than the high internal friction of 0.18 observed after 
the 250°C annealing. The drop in internal friction is 
thus connected in some way to the complete re- 
crystallization of the cold-worked specimen. This 
question will be analyzed in some detail in a fol- 
lowing article.” 

Fig. 1 shows that the abrupt drop of internal fric- 
tion occurred after the specimen was annealed at 
290°C. Annealing at this temperature had also 
eliminated that part of internal friction at room 
temperature which is readily removed by annealing 
(curve lof fig? 2).-..-— 

It is seen from fig. 1 that at very high tempera- 
tures, the internal friction peak did not drop as 
rapidly as expected if this peak is entirely due to 
the viscous behavior of grain boundaries. The fac- 
tors influencing this additional internal friction at 
very high temperatures and its possible physical 
- origins will be discussed elsewhere.” 


' Internal Friction Versus Aging Time: We have 
shown above that the cold-work internal friction is 
lower the higher the temperature of prior anneal. 
- It has also been observed that this internal friction 
is also lowered by aging at the same temperature. 
- Fig. 3 shows the effect of annealing at 200°C upon 
the internal friction of cold-worked (95 pct reduc- 
_ tion area) 99.991 aluminum at 200°C. The internal 
_ friction decreases rapidly at first and then decreases 
slowly with the aging time. This behavior is illus- 
trated more markedly in fig. 4 in which the anneal- 
ing and measurement were made at 245°C. The 
internal friction in this case is so extremely high 
that it was found necessary to develop.a new type 
_ of apparatus for the measurement of internal fric- 
_ tion by determining the angle by which strain lags 


_ behind the stress in forced cyclic vibration.“ The 


_ frequency of vibration used in this measurement was 
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Fig. 3—Effect of annealing time (at 200°C) upon internal 


friction at 200°C of cold-worked 99.991 aluminum. 
(95 pet reduction area). 


0.05 cycles per sec and the internal friction was 
reported as tan a where a is the angle of phase lag. 

Fig. 4 shows that the internal friction at 245°C 
is 0.45 after an anneal of 5 min at 245°C. This in- 
ternal friction approaches a somewhat stable value 
of 0.15 after a prolonged aging of over 50 hr at 
245°C. This value is still much higher than the 
maximum value of the internal friction associated 
with the viscous behavior of the grain boundaries 
in a recrystallized specimen which is about 0.09, as 
shown in fig. 1. This suggests that this high internal 
friction originates from some effect introduced by 
cold-working which can be completely eliminated 
only after the “complete” recrystallization of the 
cold-worked specimen. 


Internal Friction Versus Amount of Cold-Work: 
To compare with fig. 1, a similar series of internal 
friction curves was determined for 99.991 aluminum 
subjected to a smaller amount of cold-work: 5 pct, 
10 pet and 34 pct reduction area. The series of 
curves for 34 pct reduction area is shown in fig. 5. 
The general feature of the curves is similar to that 
of fig. 1 except that the value of the internal friction 
at each temperature is smaller than that of the cor- 
responding case of the specimen subjected to a cold- 
work of 95 pct reduction area. In this case the 
abrupt drop of internal friction is observed when 
the temperature of prior anneal is 400°C. Metal- 
lographic examination again showed that the speci- 
men has recrystallized after the 400°C annealing. 

It was observed by Zener, Clarke and Smith that 
the room temperature internal friction of cold- 
worked alpha brass is initially increased by in- 
creased amount of cold-work. However, they found 
that there is an optimum amount of cold-working 
beyond which the internal friction decreases." The 
range of cold-working they covered was from 0.02 
to about 30 pct of elongation and the frequency of 
measurement they used was about 2000 cycles per 
sec. Our observations thus differ again from those 
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Internal Friction (tanx) at 245°C 


Annealing Time in Minutes (at 245°C) 


Fig. 4—Effect of annealing time (at 245°C) upon internal fric- 


tion at 245°C of cold-worked 99.991 aluminum. 


(95 pet reduction area). 


of the above authors since the internal friction was 
found to increase monotonously with increasing 
amount of cold-work ranging from 5 pct to 95 pct 
reduction area. 

Effect of Impurities: Internal Friction in Cold- 
Worked Aluminum 2S: In order to study the effect 
of impurities upon the internal friction introduced 
by cold work, a series of internal friction curves 
were determined for aluminum 2S under similar 
conditions as shown in fig. 1 for 99.991 aluminum. 
This is shown in fig. 6. The impurity content in 
aluminum 2S is 0.14 pct Cu, 0.48 pct Fe and 0.11 
pet Si. The cold-work performed on the specimen 
was 96 pct reduction area which is close to the 95 
pet reduction area performed on the 99.991 speci- 
men. The annealing time at each temperature was 
also one hour, as before. A general comparison of 
fig. 6 with fig. 1 shows that at any given tempera- 
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ture and for any given temperature of 
prior anneal, the internal friction is much 
smaller in the case of aluminum 2S. This 
indicates that the internal friction is re- 
duced by the presence of impurities in a 
cold-worked specimen. The Cu, Fe and Si 
present as impurities in aluminum are pre- 
sumably in the form of precipitates in the 
cold-worked specimen. The effect of the 
precipitated impurities is thus to block the 
“relaxation centers” from stress relaxation 
under conditions in which the stress re- 
laxation is apt to occur in the case of high 
purity aluminum. 

In fig. 1 for 99.991 aluminum the internal 
friction curve for a higher prior anneal is 
always lower than that for a lower prior 
anneal, up to an annealing temperature 
after which the specimen has completely 
recrystallized. This is also the case when 
aluminum 2S was annealed at 250°C and 
lower temperatures. However, as is shown 
in fig. 6 and has also been found in another 
specimen, when aluminum 2S was an- 
nealed at 275°C for one hour and the in- 
ternal friction measured at this and lower 
temperatures, the internal friction curve began to 
cross the 250°C anneal curve at a temperature of 
about 200°C and to cross the 225° and 200°C curves 
at still lower temperatures. The maximum stress 
amplitude used in the internal friction measure- 
ments was kept the same for all cases. Some change 
must have occurred in the specimen after the 275° 
C annealing resulting in an anomalous increase of 
internal friction. 

Such anomalous increase of internal friction dis- 
appeared after the specimen was further annealed at 
300°C for one hour. Fig. 6 shows that there is an 
abrupt drop in internal friction after this anneal. 
Metallographic examination showed that the speci- 
men has completely recrystallized after this anneal- 
ing in the sense that equiaxed grain rather than 
irregular grains were observed in the specimen. 
This may indicate that complete recrystallization 
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eliminates the causes of the anomalous internal 
friction. It seems thus that the occurrence of this 
anomalous internal friction requires the presence of 
impurities and of some effects of cold-work. Internal 
friction of similar behavior has been observed pre- 
viously by Snoek” and further studied by this writer® 
in the case of cold-worked iron containing nitrogen 
and carbon as impurities. Such anomalous internal 
friction has recently been observed by this writer 
also in the case of cold-worked 99.991 aluminum al- 
loyed with 1% pct copper. A detailed account on 
this observation will be reported elsewhere.” 

The effect of impurities upon the internal friction 
at room temperature after annealing at successively 
higher temperatures has been already described in 
fis. (2. 

Fig. 6 also shows that the internal friction peak as- 
_ sociated with the viscous behavior of grain bound- 
aries in completely recrystallized aluminum 2S 
specimen is much lower than the case of 99.991 
aluminum. The blocking of the viscous slip of grain 
boundaries by impurities has been discussed else- 
where.” 

Discussion of Results 


The internal friction observed in severely cold- 
worked 99.991 aluminum in low frequency experi- 
ments over a wide range of temperatures shows that 
the internal friction introduced by severe cold- 
working is quite complicated and is heterogeneous 
in nature. The results observed under these con- 
ditions may not be compared with those observed 
by previous investigators in high frequency ex- 
periments around room temperature on slightly 
cold-worked specimens. The internal friction ob- 
served in the present experiments is more than one 
hundred times higher than that observed by previous 
investigators. 

Aside from the “residual” internal friction which 
cannot be eliminated even after the complete re- 
crystallization of the cold-worked specimen, the 
‘internal friction introduced by cold-working has 
been observed to have the following behavior. 

This internal friction predominates at tempera- 
tures higher than room temperature. It increases 


rapidly with the amount of cold-work, is readily 
lowered by aging or by annealing at a higher tem- 
perature. The temperature dependence of this in- 
ternal friction is remarkable; the internal friction 
increases very rapidly with a rise of temperature 
of measurement up to a temperature at which the 
specimen has completely recrystallized. It is con- - 
siderably reduced by the presence of impurities. 
There are several viewpoints as to the origin of the 
internal friction introduced by cold-working.* One 
viewpoint is that the internal friction is due to the 
residual stresses introduced by cold-working. This _ 
is a favorable theory in explaining the hysteresis 
loop or the damping capacity of a plastically de- 
formed specimen under high stress levels. The 
application of a high external stress raises the local 
residual stress to a value higher than the yield 
stress and thus initiates slip. This results in a 
hysteresis loss when the applied stress is cyclic. 
It is easily seen that the internal friction resulting 
from such a mechanism would be strongly sensitive 
to stress amplitude. The internal friction would 
vanish when the stress amplitude is sufficiently 
small. Accordingly this mechanism cannot be ap- 
plied to the cases of low stress internal friction 
which stays constant at sufficiently low stress level. 
An older view has been advanced that internal 
friction in cold-worked metals may be explained 
in terms of a two phase system, a continuous elastic 
phase and a discontinuous viscous phase. The es- 
sential characteristic of a dispersed viscous phase 
is that it cannot permanently sustain a shearing 
stress, however small the stress may be. Such a 
viewpoint has been more recently advocated by 
Zener.” In his study of the anelastic properties 
of iron, the writer has adopted this viewpoint in 
explaining the observed behavior of the internal 
friction of iron introduced by cold-working.* It was 
then assumed that the internal friction is associated 
with the viscous behavior of the slip band material. 
The observations on the cold-work internal friction 
described above are in agreement with the viewpoint 
that the disorganized material within the slip bands 
gradually acquires the order of the surrounding 
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matrix as the specimen is annealed, and with the 
viewpoint that the rate of shear strain within the 
disorganized material increases rapidly with an in- 
crease of temperature. In the language of dislocation 
theory, a slip band can be considered as a high con- 
centration of dislocations. A high concentration of 
dislocations would behave in a viscous Manner as 
a slip band does. 

However, the observations that the internal fric- 
tion remains extremely high after prolonged an- 
nealing at a very high temperature short of complete 
recrystallization of the specimen cannot be under- 
stood in terms of the viscous behavior of slip bands 
as originally recognized by Rosenhain. Slip bands 
were considered to behave in a viscous manner 
only when they are freshly formed and that this 
viscous behavior disappears gradually with aging 
or annealing at a higher temperature. 

In addition to slip bands there may be other dis- 
persed viscous phases in a cold-worked metal. When 
a metal is severely deformed the grains are broken 
down into much smaller elements. The boundaries 
between such “crystallites” may behave in a vis- 
cous manner similar to grain boundaries. Such a 
viscous behavior may also be exhibited by the 
boundaries of the newly formed grains during re- 
crystallization. As the crystallites and the newly 
formed grains may have very irregular sizes, the 
total amount of stress relaxation across such a 
system could be much larger than the case of es- 
sentially equiaxed grains of approximately uniform 
size in completely recrystallized specimens in which 
the extent of stress relaxation is blocked by grain 
corners. The internal friction associated with the 
viscous behavior of such boundaries can thus be 
considerably higher than in the case of the bound- 
aries of recrystallized grains. 

There are numerous dislocations in the interior of 
a cold-worked specimen. It is recognized that the 
stress-induced movement of dislocations can give 
rise to internal friction although the mechanism 
involved would be extremely complicated in the 
case of a severely cold-worked specimen. A detailed 
analysis in terms of a concrete model of dislocations 
requires further extensive quantitative experiments. 


Summary 


Low stress internal friction measurements in tor- 
sion were made on severely cold-worked 99.991 
aluminum when it was annealed at successively 
higher temperatures until it had completely recry- 
stallized. The measurements of internal friction 
were made over a range of temperature extending 
from room temperature up to the temperature for 
complete recrystallization. 

Factors affecting the internal friction were then 
examined. These factors include the temperature 
of prior anneal, the temperature of measurement, 
the amount of cold-working, the annealing time, and 
the presence of impurities. 

Observations indicate that there is a “residual” 
internal friction predominating around room tem- 
perature. It cannot be eliminated by annealing even 
after the specimen had completely recrystallized. 
_ This internal friction possibly may not be connected 
with the cold-working performed on the specimen. 

The internal friction introduced by cold-working 
was found to predominate at high temperatures. 


It increases with the amount of cold-work, is 
lowered by aging or by annealing at a higher tem- 
perature. It increases rapidly with the temperature 
of measurement and it is extremely high at tem- 
peratures just before the specimen has completely. 
recrystallized. This high internal friction is elim- 
inated only after the complete recrystallization of 
the specimen. 

The origin of this internal friction appears to be 
manifold. It may be associated with the behavior 
of a discontinuous viscous phase in the cold-worked 
specimen such as slip bands, crystallite boundaries, 
the boundaries of the newly formed grains during 
recrystallization, or with the stress-induced move- 
ment of the dislocations inside the strained grains. 

Both the residual and the cold-work internal fric- 
tion were found to be reduced by the presence of 
impurities. The presence of impurities in cold- 
worked aluminum also gives rise to an anomalous 
internal friction similar to that previously observed 
in the case of cold-worked iron containing nitrogen 
or carbon as impurities. 
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A Study of 


Recrystallization and Grain Growth 


by Measurements of Internal Friction 


by T’ing-Sui Ke 


HE subject of recrystallization and grain growth 

has been much studied and the literature on this 
subject is numerous. Such studies have been mostly 
carried out by metallographic examination of X ray 
methods. 

Since recrystallization and grain growth involve 
elementary atomic processes, their mechanism can 
best be elucidated by a study of some properties 
which can be readily traced back in terms of such 
-atomic processes. Prior to a detailed quantitative 
study, however, it is necessary to explore first the 
possibility and practicability of utilizing any par- 
ticular property for obtaining the desired informa- 
tion. 
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We have pointed out in a preceding article’ that 
the internal friction of cold-worked metals is ex- 
tremely high during recrystallization and it drops 
abruptly once the recrystallization is complete. 
Previous work has also shown that the viscosity of 
grain boundaries in a recrystallized specimen at a 
given temperature is raised by grain growth.” 
It seems thus that the measurements of internal fric- 
tion may furnish a useful tool for the study of the 
mechanism of recrystallization and grain growth in 
terms of elementary atomic processes. 

The purpose of this paper is to report results of 

a study along this line. We will demonstrate that 
the internal friction method does give results in 
agreement with those furnished by conventional 
metallographic examinations. Once such a correla- 
tion has been established, we will be in a position to 
take further steps to achieve new information which 
cannot be achieved by conventional methods. 
_ The measurements of internal friction were made 
using apparatus and procedures similar to those 
used in the preceding article. All the measurements 
were made under such a small stress level that the 
internal friction is independent of stress level. The 
frequency of vibration is, unless mentioned other- 
wise, about one cycle per second in all cases. 


Internal Friction and Recrystallization 


Complete Recrystallization Temperature: Fig. 1 
shows the internal friction curve during annealing 
of a few metals: aluminum, alpha brass and iron. 
These curves were determined in the following 
manner. In the curve for aluminum, internal fric- 
tion measurements were performed upon 99.991 
aluminum subjected to 95 pct reduction area. The 
internal friction was first measured at room tem- 
perature. The specimen was then annealed at 50°C 
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Fig. 1—Variation of internal friction with the tem- 
perature of anneal and of measurement of cold- 
worked aluminum, alpha brass and iron. - 
The arrows shown with the curves indicate the direction of 
increase of annealing temperature. The temperature ‘at which 


the internal friction drops with increasing temperature is de- 
fined as the “complete recrystallization temperature”’. 
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Fig. 2—Effect of rate of heating upon the internal 
friction and “complete recrystallization tempera- 
ture” of 99.991 aluminum (95 pct reduction area). 


for one hour after which the internal friction was 
measured at this temperature. The same procedure 
was repeated for successively higher annealing 
temperatures. The internal friction measured at 
each annealing temperature was plotted against that 
temperature as shown in fig. 1. After each annealing 
a short test piece of the specimen which has received 
the same past thermal and mechanical treatments 
was taken out for metallographic examinations. Af- 
ter the 290°C annealing, the specimen was found to 
be completely recrystallized and the majority of the 
newly formed grains are essentially perfect. From 
the curve it is seen that this temperature for achiev- 
ing perfect grains (for one hour anneal) is also the 
temperature at which the internal friction is lowered 
with a rise of temperature. 

The curves for alpha brass and iron (Westing- 
house Puron) were determined and plotted in fig. 1 
in the same manner as that for aluminum. The an- 
nealing time for all cases was one hour. However, 
the previous cold-working was different in these 
cases, being 70 pct reduction area for alpha brass 
and 58 pct for Puron. Metallographic examination 
on test pieces of these two metals also showed that 
the annealing temperature for achieving perfect 
newly formed grains corresponds to the temperature 
for which the internal friction begins to drop with 
increasing temperature. The arrows shown with the 
curves in fig. 1 are to indicate the direction of in- 
crease of annealing temperature. These curves are 
not reproducible when the temperature is lowered 
from the highest annealing temperature. 

For the purpose of qualitative comparison we may 
call the temperature for maximum internal friction 
the complete recrystallization temperature for one 
hour annealing and for the given amount of previ- 
ous cold-working. Such a temperature is obviously 
higher than the conventional “recrystallization tem- 


perature” which was often defined as the lowest 
temperature at which recrystallization can occur 1n 
a readily measured time under the normal condi- 
tions of cold-work employed in commercial fabrica- 
tion. According to fig. 1 this complete recrystalliza- 
tion temperature for the conditions specified is 250° 
C for aluminum, 400°C for alpha brass and 515°C 
for iron. 

In the following we will examine the factors that 
affect this so defined “complete recrystallization 
temperature.” 

Effect of Annealing Time: It is recognized that 
increasing time of annealing displaces recrystalliza- 
tion to a lower temperature. In fig. 1 for 99.991 alu- 
minum (95 pct reduction area) the annealing time 
at each temperature was one hour. This is repro- 
duced in fig. 2 as the lower curve. In order to find 
out the effect of annealing time or the rate of heating 
upon the complete recrystallization temperature, 
another 99.991 aluminum specimen was heated up 
fairly rapidly (temperature of specimen reached 
250°C in about an hour after it was subjected to a 
cold-work of 95 pct reduction area. The internal 
friction was measured while the temperature was 
going up by an apparatus specially designed for the 
measurement of extremely high internal friction.* 
The upper curve in fig. 2 shows the value of internal 
friction at various annealing temperatures. The op- 
timum temperature for the peak of the internal 
friction is about 260°C, which is only about 10°C 
higher than the former case. 
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In considering that the highest internal friction 
reached in rapid heating is more than three times 0.18 
higher than that reached in slow heating, a shift of 
complete recrystallization temperature of only 10°C 
in these two cases can only be considered as indicat- 0.16 
ing that this temperature is relatively insensitive to 
annealing time or the rate of heating. This is not 
readily understandable in terms of our conventional 


99.991 Al 


concept of nucleation and growth during recrystal- SU, 
lization. 

It is seen that the highest internal friction reached 
in rapid heating is about 0.55, which is by far the 0.12 


highest internal friction ever reported in the litera- 
ture. It would be fascinating to find out how high 
an internal friction the specimen would manifest 
during recrystallization if we could heat up the 
specimen extremely rapidly. A detailed study of 
the origin of such a high internal friction and a study 
of its change during recrystallization will likely 
throw considerable light toward the understanding 
of the elementary atomic processes involved in 
recrystallization. Some internal friction-annealing 
curves have already been reported in the preceding 0.06 
article (ref. 1, fig. 3 and 4). 


Effect of Previous Cold-Work: It is also recog- 
nized that recrystallization occurs at a higher tem- 0.04 
perature, the smaller the degree of previous def- 

~ ormation. This has also been found to be the case 
of complete recrystallization as is shown in fig. 3. The 
internal friction curves were determined for 99.991 
aluminum with previous deformation of 95 and 34 
pet reduction area. The annealing time in both 
cases-was one hour. Fig. 3 shows that complete re- (0) 
crystallization occurs at a temperature 100°C higher 
in the case of the smaller previous deformation. 
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Fig. 6—Effect of previous deformation upon the 
internal friction peak associated with the viscous 
behavior of grain boundaries in recrystallized 
aluminum. : 
Curve I, 70 pet reduction area; curve II, 34 pct reduction area. 


maximum internal friction seems to be insensitive 
to the impurity content. Under the conditions de- 
scribed, the impurities in the specimens of alumi- 
num 2S and 99.991 aluminum + % pct Cu are 
probably in a precipitated state. Although undis- 
solved impurities have been recognized to have a 
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Fig. 7—Effect of annealing temperature upon the 
grain boundary internal friction peak of recrystal- 
lized aluminum which was subjected to a previous 
cold-working of 70 pet reduction area. 
Grain growth was observed. 


400 500 


remarkable effect in lowering the temperature for 
the occurrence of recrystallization, the observations 
shown in figure 4 indicate that the precipitated im- 
purity content does not have an appreciable effect 
upon the temperature for complete recrystallization.° 


The Case of Very Small Previous Deformation: 
Fig. 5 shows a series of internal friction curves for 
99.991 aluminum determined in the same Manner 
as was previously reported (fig. 1 and 5 of ref. Js) 
except that the previous deformation was only 5 
pet reduction area and the annealing time at each 
annealing temperature was 15 min. The highest 
annealing was made at 450°C for 2 hr. After 
this annealing we get a well-defined internal fric- 
tion peak associated with the viscous behavior of 
the grain boundaries, as shown. It is to be noticed 
that in the cases of the 350° and 400°C annealings, 
the internal friction curves are composed of two 
parts: an apparent peak and a continuous rising 
branch at high temperatures. Such a behavior has 
not been observed, at least not so markedly, in the 
cases of severely deformed specimens. A plausible 
explanation is that the small amount of cold-work- 
ing introduces a widespread inhomogeneous strain- 
ing in the specimen. The high strain regions in the 
specimen recrystallize at a low temperature to form 
equiaxed grains. The apparent internal friction peak 
is associated with the stress relaxation across the 
boundaries of these recrystallized grains. And the 
rising portion of the internal friction at high tem- 
peratures has its origin in the unrecrystallized 
strained grains. The abrupt drop of this latter in- 
ternal friction by annealing at higher temperatures 
is probably caused by the rapid elimination of the 
strained grains to form equiaxed grains. It is seen 
from fig. 5 that after the 450°C annealing, the in- 
ternal friction peak associated with the boundaries 
of the recrystallized grains is raised as the rising 
portion of internal friction is lowered. 


Internal Friction and Grain Growth 


We have previously reported that the grain bound- 
ary viscosity is lower in a specimen subjected to a 
heavier deformation prior to its recrystallization.* 
Fig. 6 shows the internal friction curves associated 
with the viscous behavior of grain boundaries in 
recrystallized 99.991 aluminum subjected to different 
amounts of previous deformation: curve I for the 
case of 70 pct reduction area and curve II for the 
case of 34 pct reduction area. It is seen that the 
maximum internal friction in curve II occurs at a 
temperature 65°C higher than that in curve I. A 
shift of internal friction curve toward higher tem- 
perature indicates an increase of relaxation time 
and thus a rise in coefficient of viscosity at a given 
temperature. This means that the grain boundary 
in a specimen subjected to a less previous cold-work 
has a higher coefficient of viscosity. 

The influence of previous deformation on grain 
boundary viscosity described above has been found 
to be connected with the phenomenon of grain 
growth. Metallographic examinations showed that 
in the 70 pct reduction area specimen, grains grow 
as the annealing temperature is raised. Such grain 
growth was also detected by measurements of inter- 
nal friction, as shown in fig. 7. The internal friction 
curve is seen to shift to a higher temperature after 
the specimen was annealed at successively higher 
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No grain growth was observed. 


temperatures. Such a shift to a higher temperature 
signifies an increase of grain size as has been previ- 
ously discussed.* 
However, in the case of the 34 pct reduction area 
specimen, it was found metallographically that 
grains did not grow under similar annealing condi- 
tions. Thus after the 34 pct reduction area speci- 
men was annealed at 400°C for one hour, the sub- 
sequent anneal at 450°C for 2 hr and 500°C anneal 
for 3 hr did not noticeably change the grain size. 
The internal friction curves for the 34 pct reduc- 
tion area specimen after it was annealed at the 
temperatures mentioned are shown in fig. 8 in 
which it is seen that these curves coincide within 
experimental error. This also indicates that no 
grain growth had taken place under these conditions. 


As the grain boundary viscosity of the 34 pct — 


~ reduction area specimen is higher than that of the 
70 pct reduction area specimen at a given tempera- 
‘ture, the observations described above indicate that 
the conditions favoring grain growth or grain bound- 
ary migration correspond to conditions for a lower 
- coefficient of viscosity at the grain boundary. 

XX ray examinations have shown that the de- 
pendence of grain boundary viscosity upon previous 
deformation is not attributable to the difference in 
the relative orientation of neighboring grains. It 
appears as if holes or “disordered groups” of atoms 
were created in the interior of the grains by the 
cold-working, and that the number of holes created 
increases with the amount of cold-working.* When 
a cold-worked metal is annealed, these holes migrate 
because of thermal agitation. Finally, a certain por- 


200 300 400 500 


tion of these holes will reach and stay at the grain 
boundaries during recrystallization, presumably re- 
ducing the viscosity of the grain boundaries. The 
number of holes migrated to and accumulated at the 
grain boundary will be larger if the specimen is 
subjected to a larger amount of cold-work prior 
to recrystallization because, initially, there are more - 
holes in the interior of the grains. This explains the 
observed effect that the grain boundaries in a speci- 
men subjected to a larger amount of previous cold- 
working have a lower grain boundary viscosity. 

Now, the presence of impurity atoms at the grain 
boundaries has been recognized to have the effect of ~ 
inhibiting grain growth.’ If the accumulation of 
holes at the grain boundaries facilitates grain growth 
as we discussed above, then the effect of hole is a 
reverse of that of impurity atoms. 


Summary 


1. It is shown that a study of the change of in- 
ternal friction during recrystallization and grain 
growth furnishes a new method of approach toward 
the understanding of recrystallization and grain 
growth in terms of elementary atomic processes. 

2. There is a definite temperature for each metal 
at which the internal friction of a cold-worked 
specimen drops abruptly with an increase of tem- 
perature of anneal and of meaurement: This tem- 
perature which can be defined as the complete 
recrystallization temperature, is higher than the 
conventional recrystallization temperature. It is 
displaced toward a higher temperature for a small 
amount of prior cold-work. It seems, however, to 
be relatively insensitive to the variation of the rate 
of heating and of the impurity content although the 
magnitude of internal friction is considerably re- 
duced by slow heating or the presence of impurities. 

3. Internal friction measurements on a slightly 
cold-worked specimen indicate that the recrystal- 
lization process is heterogeneous under these con- 
ditions. The internal friction curve is composed of 
an apparent peak and a continuous rising branch at 
high temperatures. The former is associated with 
the stress relaxation across the boundaries of the 
recrystallized grains and the latter has its origin 
in the unrecrystallized strained grains. 

4. The conditions favoring grain growth or grain 
boundary migration are shown to correspond to 
conditions for a lower coefficient of viscosity at the 
grain boundary. It is suggested that the grain boun- 
dary viscosity is lowered by the accumulation of 
diffused holes at the grain boundaries. This view- 
point indicates that the effect of holes is a reverse 
of that of impurity atoms. 
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Kinetics of the 


Reactions of Columbium and Tantalum 


with O., N. and H: 


by Earl A. Gulbransen and Kenneth F. Andrew 


HIS paper will present the results of our studies 

on the kinetics of the gas phase reactions of co- 
lumbium and tantalum with O., N. and H.. Studies 
on zirconium and titanium have been previously re- 
ported.® * 

Due to their high melting points and their many 
excellent physical and chemical properties, colum- 
bium and tantalum have been finding their places 
as useful metals in science and industry. Chemi- 
cally the metals are very inert to gas and liquid 
phase corrosion at room temperature. However, at 
moderate temperatures of 250°C and higher the 
metals react readily with oxygen and hydrogen. 

It is of interest to study the gas phase reactions 
of these metals for the following reasons: (1) to 
compare the rates of the several reactions with 
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those of other metals and to correlate the rate data 
with theory and structure predictions, (2) to add 
basic information on the practical difficulties of the 
reduction, refining and working of columbium and 
tantalum, (3) to anticipate new uses for the metals 
and (4) to understand the role that the metals play 
as components in high temperature alloys. 


Literature Survey 


A number of papers exist in the literature on the 


gas phase reactions of columbium and tantalum 


with O., N. and H.; however, only fragmentary data 
have been reported on the kinetics of these re- 
actions. Although the free energy of formation of 
the oxide Ta,O;” at 25°C has been determined and 
some thermodynamic work has been reported on 


columbium and its oxides, the data are not suf- 
ficient to make equilibria calculations at elevated 
temperatures. 

Oxidation: 1. Kinetics: The rate of oxidation of 
columbium and tantalum has been studied by 
McAdam and Geil* using the interference color 
method. Tantalum is reported to oxidize more slowly 
than columbium, zirconium and iron. 

The amounts of oxidation of columbium after 20 
hr in air for several temperatures are reported by 
the Fansteel Metallurgical Corporation.” Columbi- 
um starts to oxidize in air at about 200°C. The oxide 
is said to be adherent and prevents further oxida- 
tion until the temperature is raised. Columbium is 
reported not to become brittle on heating in air for 
short periods like tantalum because the oxide film 
prevents further reaction. The columbium oxides 
dissolve into the metal when heated in a vacuum 
at temperatures between red heat and 1200°C. 
Above 1200°C the oxides are reported to evaporate. 
Columbium, in the oxide free state, is an active 
getter in vacuum tubes. 

2. Preparation and Structure: G. Grube, O. Kuba- 
schewski and K. Zwiauer”® have studied the de- 
composition of Cb.O; in argon. They find that CbO, 
is formed slowly at 1150° and rapidly at 1300°C. 
Cb.O; can be reduced to CbO, by moist H>. The re- 
duction of this dioxide to the lower oxides is rapid. 
By varying conditions CbO., Cb.0:, CbO and Cb:O 
can be formed. CbO., CbO and Cb.O have inde- 
pendent lattices while Cb.O, is a stoichiometric mix- 
ture of CbO and ChO.,. In a later paper O. Kuba- 
schewski” has shown that CbO is cubic and that 
CbO, has a rutile type of lattice. 

The most exhaustive work on the oxides of co- 
lumbium is that of G. Brauer.* The number and 
constitution of the solid phases in the binary system 
Cb-O were investigated by the preparative, ana- 
lytical and X ray methods. He indicates that only 
the oxides Cb,O,, CbO, and CbO exist with limited 
regions of homogeneity. The solid oxide Cb.O, exists 
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in three forms designated as (L) low, middle (M ) 
and high (H). The X ray pattern of the L form is 
isomorphous with Ta,O;. The L form is stable to 
900°C. At temperatures of 1000° to 1100°C the M 
form results which at still higher temperatures 
transforms to the H form. The crystal structure of 
the 3 modifications has not been determined. 

CbO, is obtained from Cb.O; as a black powder 
by reduction with H, or with Cb powder. X ray 
analyses show that CbO, has a structure closely 
related to rutile with a = 4.84, c = 2.99 and c/a 
—= 0.618. The homogeneity range of CbO, is very 
limited. 

The phase CbO has no extensive homogeneity 
range and the crystal structure is cubic with a —= 
4.203. The CbO lattice is a new type and can be 
derived from a NaCl lattice by the removal of mole- 
cules in such a way that 75 pct of the lattice posi- 
tions are occupied and the unoccupied ones are dis- 
tributed in an orderly manner. The solvent power 
of Cb for O is less than 0:8 pct by weight. A small 
expansion in the lattice is caused by this small 
amount of oxygen. 

Phelps, Gulbransen and Hickman” observed CbO 
on the surface of columbium after oxidation at 
400°C using the reflection electron diffraction 
method. A study of the same film by the transmis- 
sion method after stripping from the metal shows 
a mixture of Cb.O,; and CbO. 

An X ray diffraction study of the oxide Ta.O; has 
been made and the results reported in the A.S.T.M. 
cards.. d/N values and intensities are tabulated 
although no structure is given. 


Nitrogen Reaction: 1. Absorption: The absorption 
of nitrogen by tantalum has been studied by a 
number of workers. ** * Andrews’ has studied 
the absorption of nitrogen at low pressures and to 
a temperature of 3400°K. Absorption takes place 
with the formation of TaN and increases with pres- 
sure until 100 volumes are absorbed. At this point 
the equilibrium pressure drops as the absorption 
increases. Wright* has observed that nitrogen is ab- 
sorbed at 1 micron pressure and at 700°C for a 
clean filament. The absorption becomes rapid above 
1000°C. In the oxidized condition no absorption is 
found below 850°C although the absorption be- 
comes rapid above 1200°C. All of the gas cleaned 
up at 1000°C is liberated at 2100°C. 


' 2. Preparation and Structure: Two nitrides of co- 

lumbium are reported in the literature, CbN and 
Cb.N. Becker and Ebert’ have observed that CbN 
has a face-centered cubic structure with a lattice 
parameter of 4.41A. Horn and Ziegler* in a recent 
study confirm this structure for a sample of CbN 
of 47.3 at. pct of nitrogen. They find a lattice para- 
meter of 4.375 +0.004A. 

Aschermann, Friederich, Justi and Kramer® in a 
study of the superconductivity of columbium com- 
pounds prepared CbN. They find a face-centered 
cubic lattice and a lattice parameter of 4.39A. From 
the X ray parameters the ideal lattice corresponds 
to a density of 8.35. This value falls to 7.28 as the 
lattice deviates from the stoichiometric ratio. 

Umanski” has observed a hexagonal lattice for a 
columbium nitride containing 8.8 pct of nitrogen. 
The lattice parameters for this structure are a = 


3.017A and c = 5.580A. Brauer* has prepared Cb,N 
by heating CbN with Cb at 1700°C for 15 min. Cb.N 
has a Hagg interstitial type of structure possessing 
a close-packed hexagonal lattice of columbium 
atoms with the N atoms in the larger gaps. 
Aschermann, Friederich, Justi and Kramer® ob- 
serve a tetragonal lattice for the subnitride with 
a = 4.35A and c/a = 0.98. This subnitride cor- 
responding to Cb.N contained 7 pct of nitrogen and 
checks closely the stoichiometrical value of 7.03 pct. 
Two nitrides of tantalum are reported, TaN®*™ and 
Ta.N.* TaN has been shown by Van Arkel®™ to have 
the hexagonal (ZnS) structure with a = 3.05A and 
c/a = 1.62. In a study of the superconductivity of 
tantalum compounds Aschermann, Friederich, Justi 
and Kramer* only observed Ta.N having lattice 
parameters and structure identical with that for 
TaN, observed by Van Arkel.* There appears to be 
some question as to the formation of two nitrides. 


Hydrogen Reaction: 1. Solubility and Structure: 
The solubility of hydrogen in columbium has been 
studied by Hagen and Sieverts” and by Sieverts and 
Moritz.” In the latter study a purer source of co- 
lumbium was used. The solubility was measured at 
760 mm of Hg gas pressure and over the tempera- 
ture range of 20° to 900°C. The solubility decreases 
rapidly with temperature between 400° and 600°C. 
A value of 65.6 cc per g of columbium is found at 
450°C and 4 cc per g at 900°C. At high tempera- 
tures (600°C) the solubility is proportional to the 
square root of the pressure. f 

Umanski” has studied the crystal structures for 
this system. A sample of columbium containing 0.42 
pct of hydrogen gave patterns corresponding to two 
isometric lattices with spacings of 3.300-3.307A and 
3.416-3.420A. The first belongs to columbium and 
the second probably to an undetermined hydride. 
The hydride spacings disappear after heating in a 
vacuum at 800°C. 

Horn and Ziegler*® have made a systematic study 
of the columbium-hydrogen system. From an X ray 
diffraction study they observe that a homogeneous 
product is formed from 0 to about 10 at. pct. The 
body-centered cubic lattice expands slightly with 
increased hydrogenation. From 23.78 at. pct to 32.76 
at. pct of hydrogen the diffraction patterns showed 
not only the cubic structure but also a second struc- 
ture which has not been determined. 

Tantalum behaves to hydrogen much like pal- 
ladium. The solubility has been studied by Sieverts 
and Bergner™ and by Sieverts and Bruning.” If the 
metal is heated in vacua or argon, a low permea- 
bility is found. At high temperatures the metal 
absorbs readily and retains its permeability on cool- 
ing. The solubility is a maximum at low tempera- 
tures and decreases as the temperature is raised. 

The absorption of tantalum at low pressure is 
found to be a function of the condition of the sur- 
face. “ Wright® found that if the metal is degassed 
below 1500°C, surface oxide remained, which pre- 
vented the cleanup of hydrogen below 400°C. Heat- 
ing the strip to 1900°C gave a maximum absorption 


at room temperature which followed Sievert’s solu- 


bility curve as the temperature is raised. The clean- 
up followed the square root of pressure law in the 
pressure range studied. Exposure of the strip at 
room temperature to oxygen restored the first type 
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Fig. 1—Reaction of Cb in vacua zircon furnace tube. 


of behavior. All of the gas cleaned up at 20°C is 
liberated at 950°-1000°C and partially liberated at 
a lower temperature. 

Hage” has made an extensive study of tantalum- 
hydrogen system using the X ray diffraction method. 
The following phases are proposed to interpret the 
results: (1) alpha-phase, consists of a solid solution 
of hydrogen in the body-centered cubic structure, 
(2) beta-phase, corresponds to Ta,H and has the 
hexagonal close packed structure with a = 3.094A 
and c = 4.923A and (3) gamma-phase, corresponds 
to TaH and has a face centered rhombic structure 
with a = 4.811A, b = 4.781A and c = 3.434A. 
Smith” in a recent publication questions the 
methods used by Hagg™” and his interpretation of 
the data. 


Metal: The structure of columbium and tantalum 
are body-centered cubic with lattice parameters of 
3.2941 + 0.0003A™* and 3.2959 + 0.0003A™ respec- 
tively. The densities are 8.509 and 16.655 respec- 
tively. 

Apparatus and Method: The vacuum micro- 
balance and associated equipment are used for all 
of the kinetic measurements.” * The sensitivity of 
the balance is 0.86 divisions per microgram and the 
weight change can be estimated to 0.3 microgram. 

The vacuum system, ceramic furnace tube and 
associated equipment have been described.*'?™ 
The double-walled zircon furnace tube is sealed 
directly to the all glass vacuum system. McLeod 
gauge pressures of 10° mm of Hg or lower can be 
achieved at temperatures of 1175°C and perhaps 
higher. With this vacuum system we can heat co- 
lumbium and tantalum to the reaction temperature 
without appreciable reaction. 

The purification of O., N. and H. has been de- 
scribed.*:™ “ Nitrogen gas is the most difficult gas 
to prepare free from objectionable impurities’ since 
the reaction of nitrogen with columbium and tan- 
talum is much slower than the reactions with oxy- 
gen and hydrogen. Lamp grade of nitrogen is used 
as the source in the preparation of the nitrogen. 
The nitrogen gas used shows an oxygen content of 
about 0.01 pct. 

The methods used in carrying out the experi- 
ments have been described.” * * 


Samples: The columbium metal is obtained from 
the Fansteel Metallurgical Corporation in the form 
of a sheet 3.3 mils thick. According to the manu- 
facturer the columbium specimens contain 0.01 pct 
of carbon as a maximum and no more than a trace 
of Fe, Ti, Ta, Sn and Zr, while the tantalum speci- 
mens contain 99.9 pct of Ta, 0.03 pct C, maximum 
and 0.01 pet of Fe, maximum. 

The specimens are cut from the sheet and weigh 
0.6840 g. They have surface areas of about 20 sq cm 
for columbium and 10.5 sq cm for tantalum. The 
specimens are abraded starting with No. 1 grit 
paper and finishing with 4/0 paper. The last two 
stages of the abrading are carried out under puri- 
fied kerosene. The kerosene is removed by washing 
in petroleum ether and finally washing in absolute 
alcohol. They are kept in a dessicator prior to use. 


Discussion of Results 


High Vacuum Reaction: In order to obtain re- 
producible data of scientific significance it is neces- 
sary to minimize the formation of oxide films in 
preparing the specimens and heating the specimens 
to the reaction temperature. The reactive metals 
are excellent getters to the small quantities of gas 
normally present in the best of high vacua. 

By carrying out the last stages in the abrading 
procedures under purified kerosene, we tend to 
minimize the formation of films. Such specimens 
will contain the room temperature oxide film. These 
specimens are then heated to the reaction tempera- 
ture as quickly as is feasible in the best of vacua 
that we can obtain. 

Fig. 1 shows the behavior of a sample of columbi- 
um on heating between 300° and 1000°C in a 
vacuum of 10° mm of Hg or better. The weight 
change in micrograms per cm’ is plotted against the 
time and the temperature is given at the top of the 
chart. During the initial period of the reaction, 300° 
to 464°C, gas is evolved and the specimen loses 
weight. Above 464°C the sample gains weight and 
the metal behaves as a getter to the gases present 
in the high vacuum. This behavior is similar to that 
found for zirconium.’ Over a part of this tempera- 
ture range the surface is probably film free and no 
film barrier exists to limit the reaction. The reaction 
is only limited by the rate at which the gases 
present collide with the metal. 

Tantalum reacts in a similar manner to columbi- 
um when heated in a high vacuum although the 
extent of the reaction is considerably smaller. 

The results show that if contamination of the co- 
lumbium and tantalum is to be avoided at high 
temperatures care must be used to obtain the best 
possible vacuum conditions. The extent of this 
vacuum reaction is probably negligible below 400°C, 
the maximum temperature for the hydrogen. and 
oxygen experiments. For the nitrogen reaction, 
temperatures of 500° to 800°C are used. At these 
temperatures some reaction is unavoidable. We esti- 
mate that this vacuum reaction can be made less 
than 0.5 micrograms per cm? for the maximum 
temperature if the specimens are brought to tem- 
perature in a period of 20 min. 

Reaction with Oxygen: The reaction is studied as 
a function of the time, temperature and pressure 
and the results given in fig. 2-8. The weight gain in 
micrograms per cm’ is plotted against the time in 
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minutes. Assuming the ratio of the real to measured 
area to be unity and the oxide to be CbO” for co- 
lumbium and Ta.O; for tantalum the thickness of 
the film in Angstroms is 108.5 and 69 times respec- 
tively the weight gain in micrograms per cm’. Since 
the structure of the surface oxide film on tantalum 
has not been studied the conversion factor to 
Angstroms may be changed if the surface oxide 
turns out to be a structure different from Ta.O.. 


1. Time and Temperature: Fig. 2 shows the time 
course of the oxidation experiments for the tem- 
perature range of 250° to 375°C for columbium and 
for an oxygen pressure of 7.6 cm of Hg while fig. 3 
shows similar results for tantalum in the tempera- 
ture range of 250° to 450°C. A rapid reaction is 
found for the initial part of the reaction and the 
rate of reaction decreases with the film thickness. 
In this sense the oxide film has protective properties. 

Colored oxide films are observed on columbium 
after 2 hr of reaction for all of the temperatures. 
At 200°C a very faint straw tint to the film can be 
noticed. As the temperature is raised to 250°C the 
straw tint becomes more definite. At 300°C a blue 
film is found and at 350° and 375°C gray films are 
observed. It must be concluded that at these tem- 
peratures the rate of solution of the oxide is much 
less than the rate of reaction. At some higher tem- 
perature the rate of solution of the oxide: becomes 
more rapid than the rate of formation of the film 
since no visible oxide films are observed. 


The oxide films observed after 2 hr of reaction 
on tantalum for all of the temperatures show gray 
films at the oxidation temperatures of 250° to 350°C 
and blue gray films at 400° and 450°C. It must be 
concluded that at these temperatures the rate of 
solution of the oxide is much less than the rate of 
reaction. 
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The effect of temperature on the time courses of 
the oxidation reaction for columbium is shown also 
in fig. 2. The temperature effect is very marked and 
the reaction appears to follow an exponential law. 
A comparison of the 200°C curve with the 375°C 
curve shows a film of 290A to be formed after 2 hr 
of reaction at 200°C and a film of 8250A at 375°C. 

The effect of temperature on the time courses of 
the oxidation reaction for tantalum is shown in fig. 
3. A comparison of the 250°C curve with the 450°C 
curve shows that after 2 hr of reaction a weight 
gain of 3.25 micrograms per cm’ is found while a 
similar reaction time at 450°C gives a total reaction 
of 127.2 micrograms per cm’. The temperature effect 
is uniform and appears to follow an exponential 
rate law. 

Fig. 4 shows a comparison of the oxidation be- 
havior of columbium and tantalum with titanium 
and zirconium. Although the reaction temperatures 
differ it is evident that tantalum oxidizes more 
rapidly than titanium but slower than columbium 
and zirconium. 


2. Time and Temperature Equations: Three equa- 
tions have been used to explain the time variation 
of the oxidation rate. These are: 


(1) the parabolic law” * W*=Ktt+c 
(2) the linear law W = K’t + cand 
(3) the logarithmic law” t= B (eW/a —1) 


In the above equations W refers to the weight gain, 
t the time and K’, K, c, 8 and @ are constants. 

The following equations are used to explain the 
temperature dependence of the reaction: 


(1) Arrhenius equation’ K = Ae“*/** 
(2) Transition State Theory” 
Ke 2h Vie er 


h 


A S* and E are the entropy and energy of activa- 
tion, \ is the interatomic distance between diffusion 
sites, k is Boltzman’s constant, h is Planck’s con- 
stant, K is the parabolic rate law constant and A is 
the frequency factor. In the second equation the 
frequency factor A is identified with universal con- 
stants, ” and the temperature independent factor 
e4**/*, For our purposes AS* determines what frac- 
tion of ions or atoms with a definite energy pass 
over the energy barrier for reaction. 


3. Time and Temperature Correlation: A study 
of fig. 2 and 3 shows that the data are not fitted by 
a linear rate law while plots of the weight gain vs. 
the logarithm of the time show smooth curves of 


_increasing slope. The logarithmic law or linear rate 


laws do not apply for the conditions studied here. 

Fig. 5 shows a parabolic rate law plot for the 
325°C oxidation of columbium at 7.6 cm of O,. The 
square of the weight gain is plotted against the 
time. Although some deviation is noted from the 
straight line during the initial stages of the reaction 
the fit is good. Deviations of this type from the para- 
bolic have been predicted by the recent analyses of 
Mott.” Similar agreement with the parabolic rate 
law is found for the oxidation of tantalum. 


4. Temperature Dependence and Activation Ener- 
gy: The importance of the evaluation of the tem- 
perature coefficient of the reaction rate has been 
previously discussed.’ Since the oxidation reaction 
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follows the predictions of the parabolic rate law it 
is possible to calculate not only the diffusion co- 
efficients but also the energy and entropy of activa- 
tion of the rate limiting process. 

The temperature is involved in the transition 
state theory as part of the exponential term e7/*" 
and also directly as T. However, the effect of the 
linear term is small compared to the exponential 
term. In the evaluation of E, logarithms of the para- 
bolic rate constants for tantalum in units of cm? per 


A ie 
sec are plotted against in fig. 6. The parabolic 


rate law constants vary from 1.25x10™ at 200°C to 
1.064x10™ at 375°C for columbium and from 0.66x 
10° at 250°C to 1.205x10-* at 450°C for tantalum. 
The density of the oxide CbO is assumed to be 6.27 
while the density of the oxide Ta.O, is assumed to be 
8.015.~ The slopes are evaluated for the time range 
of 60 to 120 min. 

The data shown in fig. 6 show a straight line rela- 
tionship. An energy of activation of 27,400 cal per 
mol is calculated for the oxidation reaction of tan- 
talum. The temperature independent factors e4**/* 
are evaluated from the transition state theory ex- 
pression for K. 

Similar analyses of the columbium oxidation data 
give an activation energy of 22,800 cal per mol. 

Table I shows the values of the parabolic rate 
law constants, diffusion constants and the energies, 
entropies and free energies of the rate controlling 
process in the oxidation of columbium and tantalum. 

It is of interest to compare in table II the para- 
bolic rate-law constants, the diffusion constants and 
the energies, entropies and free energies of activa- 
tion for columbium, tantalum, titanium and zir- 
conium with iron. The data on the values for K 
show that the order of 
increasing resistance to 
oxidation is columbium, 
tantalum, zirconium, ti- 


K 
the equation D Rea Typical values of D for co- 


lumbium in its oxide are 3.68x10™ cm’ per sec at 
250°C and 0.503x10°" cm’ per sec at 375°C while 
typical values for tantalum in its oxide are 3.3x10™ 
cm* per sec at 250°C and 6.00x10™* cm’ per sec at 
450°C. These values represent the coefficients of 
self diffusion of tantalum in its oxide. 

Calculations by Huntington and Seitz” have 
shown that for the diffusion of copper in copper the 
diffusion of lattice defects is the most probable 
mechanism. It is possible that a similar conclusion 
holds for the formation of oxide films. The diffusion 
coefficients and activation energy thus may be asso- 
ciated with the formation and diffusion of metal 
lattice defects in the oxide. 


6. Pressure Effect: The effect of pressure on the 
reaction at 400°C for tantalum is shown in fig. 7. 
The pressure is varied by a factor of 50 from 7.6 cm 
to 0.15 em of oxygen. No simple relationship of the 
effect of pressure on the reaction rate can be de- 
termined. Similar results are observed in the oxida- 
tion of columbium for this pressure range. It is ap- 
parent that the reaction rate does not follow a 
simple linear or square root function of the pres- 
sure. Such relationship may be expected if the con- 
centration gradient of the diffusing specie is de- 
pendent upon the external pressure.* We conclude 
that the small effects noted are in agreement with 
the fact that the limiting factor in the reaction is 
the diffusion of columbium or tantalum ions through 
the oxide film. 


7. Surface Preparation: Fig. 8 shows a compari- 
son of the oxidation curves of abraded with un- 
abraded columbium at 300°C and for a pressure of 


Table I. Parabolic Rate Constants and Diffusion Constants, Entropies, 
Energies and Free Energies of Activation for the Oxidation Process 


tanium and iron. This 


A. Columbium 
can be shown also by a 


comparison of the AF* ee a cae ee 
for the reaction. Al- t°C K, cm2 per sec | Do, cm2 per sec | Cal per mol per® C | Cal per mol | Cal per mol | Cal per mol 
though tantalum has the 
highest energy of activa- 200 1.25 x 10-15 2.07 x 10-5 —12.0 22,800 —5680 28,480 
clara sy ferent 225 | 5.24x 10-15 2.62 x 10-5 —11.65 22,800 —5800 28,600 
tion it is not as resistan 250 7.36 x 10-15 1.195 x 10-5 2133 22,800 = 29,760 
idati i 275 6.51 x 10-14 ‘91 x 10-5 —11.05 s = : 
2 oxidation as iron, for 300 8.70 x 10-14 2.08 x 10-5 —12.40 22,800 —7110 29,910 
example, since the en- 325 1.11 x 10-13 115 x 10-5 —13.65 22,800 —8170 30,970 
; 350 3.30 x 10-18 1.57 x 10-5 Peis ; — ; 
tropy factor is not suffi- 375 106 x 10-12 2.53 x 10-5 12125 22,800 —7950 30.750 
ciently negative to make 
the overall potential bar- ew ria 
rier as high. These re- 
300 0.57 x 10-14 7.65 x 10-5 —9.80 y 22 : 
peported by URN BEC _—- 350 3.37 x 10-14 6.70 x 10-5 —10.20 27,400 —6360 33,760 
Geil” in which tantalum _~- 400 2.165 x 10-3 8.60 x 10-5 —9.80 27,400 —6600 34,000 
is stated to oxidize - 450 1.205 x 10-12 11.5 x 10-5 —9.45 27,400 —6845 34,245 


-more slowly than zir- 
conium and iron. 

5. Calculation of Diffusion 
Constants: The calculation and 
interpretation of diffusion con- 
stants from the parabolic rate 

law expression have been dis- 
cussed by Wagner,” Mott® and 


Table II. Comparison of the Parabolic Rate Law and Diffusion Con- 
stants and the Energies, Entropies and Free Energies of Activation for 
the Active Metals with Iron at 350°C and 7.6 cm of 0. 


Function Ta Cb Ti Zr Fe 


; : 2 3.37 x 10-“ | 3.30 x 10-12 | 1.90 x 10-5 | 4.28 x 10-4 | 1.2 x 10-15 
by the authors in a previous one parece 6.70 x 10-5 | 1.57 10-5 | 1.34x10-% | 5.3 x 10-8 | 5.48 x 10-8 
ee corticient Age : Ee is 720 ae 0 788.00 et — 24.60 
e —— EF; == . cl ‘ 
D can be calculated from the RpuCales nel 33,760 30,960 37,200 33,800 37,950 


parabolic rate law constant by 
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7.6 em of O, The abraded sample reacts more 
rapidly than the unabraded. Without further knowl- 
edge of the history of the specimens before we re- 
ceive them it is difficult to say whether the differ- 
ence in reaction rates is due to the presence of a 
film or to structural differences in the metal. 


Reaction with Nitrogen: In this section the re- 
actions of columbium and tantalum with a purified 
lamp grade of nitrogen are studied as a function of 
time, temperature and pressure. The stability of the 
nitrogen reaction product to high vacuum condi- 
tions at high temperatures is also observed. The 
results are given in fig. 9 to 14. The weight of nitro- 
gen absorbed in micrograms per cm’ is plotted 
against the time in minutes. Thickness calculations 
are not made due to the uncertainty in the nature 
of the nitrogen reaction product. 

Carefully purified lamp grade of nitrogen is used 
in the following experiments in order to avoid 
extraneous reactions with the impurities present in 
many sources of nitrogen.’ The specimens are heated 
to the reaction temperature only after the system 
has been pumped down to pressures of 10° mm of 
Hg or lower in order to minimize the vacuum re- 
action. 

1. Comparison of Nitrogen Reaction on Tantalum 
with Columbium, Titanium and Zirconium: Fig. 9 
shows the comparison. Tantalum reacts at 700°C 
with nitrogen at about the same rate as columbium, 
faster than zirconium and somewhat slower than 
commercial titanium. 


2. Time and Temperature: Fig. 10 and 11 show 
the time course of the reaction of columbium and 
tantalum with purified lamp grade of nitrogen for 
several temperatures. The reaction rate decreases 
as the reaction proceeds. The temperature effect is 
uniform. For columbium, at 800°C, a total reaction 
of 74 micrograms per cm’ is observed while at 400°C 
a total reaction of 3.1 micrograms per ecm? is found 
for a reaction time of 2 hr. For tantalum, at 850°C, 


a total reaction of 154.2 micrograms per cm’ is 
observed while at 400°C a total reaction of 7.4 
micrograms per cin’ is found for a reaction time of 
2 hr. The shapes of these curves are similar to what 
has been observed in other nitrogen reactions. * 


Table III. Parabolic Rate Law Constants. Nitrogen 


Reaction 
A. Columbium 
t°C TOK 1/T x 103 K (g per cm?)2 sec-1 
400 673.1 1.48566 1.55 x 10-% 
500 773.1 1.29349 5.55 x 10-% 
600 873.1 1.14534 2.97 x 10-14 
700 973.1 1.02764 1.512 x 10-18 
800 1073.1 0.93188 5.42 x 10-18 
B. Tantalum 
500 TIS 1.29349 9.6 %*10-15 
600 873.1 1.14534 1.78 x 10-14 
700 973.1 1.02764 1.89 x 10-18 
750 1023.1 0.97742 5.28 x 10-13 
800 1073.1 0.93188 1.14 x 10-12 
850 1123.1 0.89039 2.94 x 10-12 


The reactions of zirconium® and titanium™ with 
nitrogen followed the parabolic rate law as a func- 
tion of time. Fig. 12 shows a plot of the weight gain 
squared against the time in minutes, for the reaction 
of tantalum with pure nitrogen at 700°C and 7.6 cm 
of N;. A similar correlation is found for columbium. 
The data deviate from the straight line during the 
early stages of the reaction. However, a straight 
line does fit the reaction over a considerable part 
of the time course. The parabolic rate law W? — Kt 
-+ C explains empirically the time variation of the 
reaction. 

In previous papers” we have tried to place the 
nitrogen reaction on a physical basis. The method 
of van Liempt” was suggested to explain the time 
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behavior of the reaction. Van Liempt has applied 
an approximate method for the solution of the dif- 
fusion equation for a flat plate. His equation is: 


a 


Here Q is the quantity of gas taken up or evolved 
at any time ft, Q, is the original quantity of gas in 
the metal, D is the diffusion coefficient and d is the 
thickness of the specimen. This expression also 
holds for the reverse process of absorption of gas 
in the metal. The expression reduces to the para- 
bolic rate law, W’/W,” = Kt + C. Here W is the 
weight gain and W, is the solubility at the tempera- 
ture T. Since K involves the diffusion coefficient D 
and W, is temperature dependent it is impossible 
to evaluate D unless W, is known. We can, how- 
ever, calculate an empirical energy of activation for 
the reaction. 

Table III shows the parabolic rate law constants 
for the nitrogen reaction on columbium and tan- 
talum while fig. 13 shows a logarithmic plot of the 
parabolic rate law constants K for the nitrogen re- 


1 
action on tantalum against TT The data can be fitted 


by a straight line although at low temperatures a 
deviation occurs. An empirical energy of activation 
of 39,400 cal per mol is calculated. This value can 
be compared with a value of 25,400 obtained for the 
corresponding columbium reaction and values of 
39,200 and 36,300 obtained for the zirconium and 
titanium reactions respectively. 

It is-of interest to note that the specimens after 
reaction with nitrogen show no visible evidence of 


colored films. The electron diffraction evidence is 
difficult to interpret. No patterns can be obtained 
from the surfaces. However, a slight abrasion of the | 
surface gives a pattern which we have not been 
able to identify with any known structure although 
similar lines are found in our studies of the oxida- 
tion reaction. Whether these films are formed in- 
itially in the vacuum of the apparatus or as a re- 
sult of abrasion has to be established. 

3. Pressure: The effect of pressure on the time 
course of the nitrogen reaction at a temperature of 
700°C for tantalum is shown in fig. 14. Similar re- 
sults are observed for the reaction with columbium. 
The pressure is varied from 7.6 cm to 0.15 cm or 
by a factor of 50. Compared to the predictions of 


a linear or square root of pressure laws* the effect 


of pressure on the reaction rate is small. The largest 
effect is noted for the initial periods of the reaction. 

The influence of pressure on the permeability of 
metals to gases has been discussed by Barrer* and 
by the authors.° Two permeation rate-pressure re- 
lationships have been used to explain the data. 
These are: (1) the linear rate law which is based 
on the mechanism of activated diffusion of nitrogen 
without dissociation and (2) the square root law 
which is based on the mechanism of activated dif- 
fusion with dissociation. 

Since the pressure dependence does not fit either 
of the above rate expressions we are led to the con- 
clusion that the factor W, in the rate expression is 
not influenced by the gas pressure following Henry’s 
law. Similar conclusions were reached for the nitro- 
gen reaction on zirconium’ and titanium.” In our 
previous papers we suggested that a film of nitride 
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is present during the reaction which prevents the 
operation of Henry’s law. This film disappears upon 
removing the reacting gas since the solution process 
continues after the gas is removed. 

4, Stability of Nitrogen Reaction Product: The 
stability of the nitrogen reaction product on tan- 
talum to high temperatures and high vacuum is 
tested by heating the 750° specimen containing 61.9 
micrograms of nitrogen per cm’ to 923°C in a 
vacuum of 10° mm of Hg or lower. Observations on 
the weight and pressure in the system showed that 
the specimen continued to react slowly with the 
gases given off in the vacuum. The nitrogen reaction 
product is stable to at least 923°C. These observa- 
tions are in agreement with those of Wright*® and 
of Andrews.’ 
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Fig. 14—Reaction of Ta with N,. Effect of pressure 700°C. 


WT.GAIN GM /CM2 


O © 
TIME (MIN.) 


Fig. 15—Reaction of Cb with H,. 200°-900°C. 2.4 em H,. 
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A similar study has been made on the stability of 
the nitrogen reaction product on columbium. No 
evidence is noted for decomposition of the nitrogen 
reaction product at temperatures up to 925°C. 


Reaction with Hydrogen: The reaction is studied 
as a function of time, temperature and pressure and 
the results compared with the corresponding re- 
actions on titanium and zirconium. The stability of 
the reaction product to high vacuum is studied as 
a function of the temperature. Fig. 15 to 27 show 
~ the results. The hydrogen used is prepared by dif- 
fusing a purified source through a palladium tube. 

Preliminary studies of the reaction of columbium 
and tantalum with hydrogen are shown in fig. 15 
and 16. The specimens are heated at approximately 
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a uniform rate in the low pressure hydrogen 
atmosphere from 200°C to the maximum tem- 
perature. The weight gain in micrograms per 
em’ is plotted against the time in minutes and 
the temperature indicated at the top of the 
graph. 

For columbium the reaction starts at a tem- 
perature of 250°C and increases rapidly as the 
temperature is raised. Above 360°C the sample 
loses weight and the low temperature hydride 
decomposes in the hydrogen atmosphere. At a 
temperature of 560°C columbium again reacts 
with the hydrogen and the rate increases with 
the temperature. Evacuation of the hydrogen at 
900°C shows that the main part of the added 
hydrogen remains with the metal. In fact, the 
metal reacts at 900°C with the small quantities 
of hydrogen released from the ceramic vessel 
during the evacuation at a pressure of 2x10” 
mm of Hg. This reaction curve shows that two 
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hydrides may form each with its range of stability. 
We have not attempted to determine the structure 
of these complexes or compounds. 

In the case of tantalum the reaction starts at a 
temperature of 340° and the rate of reaction in- 
creases rapidly to a temperature of 460°C. Above 
this temperature the reaction stops and the speci- 
men loses weight. We interpret this as indicating 
that the decomposition pressure of the hydride ex- 
ceeds 2.8 cm of Hg. After a temperature of 539°C 
is reached the specimen again gains weight indicat- 
ing that a new hydride is formed. The rate of the 
reaction appears to decrease above 643°C. Upon 
evacuating to a pressure of 10° mm of Hg or lower 
a part of the weight gain is removed. However, the 
major part of the added weight is stable. 


1. Time and Temperature: Typical time and tem- 
perature curves for the hydrogen reaction on co- 
lumbium are shown in fig. 17 and 18 for the 
temperature ranges of 250° to 350°C and 700° to 
900°C. Each of the low temperature curves obeys 
a different rate law. The 300°C curve follows a 
linear rate law while at 350°C the rate decreases 
as the reaction proceeds. At 250°C the reaction rate 
increases as the reaction proceeds. 

Typical time and temperature curves for the 
hydrogen reaction on tantalum are shown in fig. 19 
and 20 for the temperature ranges of 350° to 500°C 
and for the range of 600° to 800°C. The shapes of 
the curves at 450° and 500°C in fig. 19 show a rapid 


120 140 160 


initial reaction with a maximum amount of absorp- 
tion attained after a certain period of reaction. The 
maximum absorption and the time to reach this 
maximum decrease as the temperature is raised. 
The 350°, 375° and 400°C curves show a linear re- 
action rate and that the maximum absorption has 
not been reached. The amount of hydrogen absorbed 
at 500°C corresponds to the formula TaHyou.. It is of 
interest to note that the reactions above 350°C and 
up to 500°C all show an unstable reaction product. 
The absorption curves shown in fig. 20 for the tem- 
perature range of 600° to 800°C indicate a stable 
hydride to be formed and the rate of the reaction 
follows the predictions of the parabolic rate law. 
A tentative physical basis for the several rate 
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laws has been discussed by Smith” for the diffusion 
of hydrogen in palladium. Two processes are as- 
sumed. The first is the primary diffusion of hydro- 
gen through the rifts in the metal and the second 
is the secondary diffusion of hydrogen from the rifts 
into the metal lattice. 

If we assume the same theory for the hydrogen 
reaction on columbium and tantalum the governing 
process for the linear rate law at 300°C is the pass- 
age of hydrogen through the entry rifts and into an 
interior network where the hydrogen concentra- 
tion remains small. The declining rate law observed 
at 350°C is explained by Smith™ as due to the metal 
recovering from a thermal opening while the in- 
creasing rate curve observed at 250°C must be 
attributed to a process in which new openings are 
formed as the reaction proceeds. 

The absorption data shown in fig. 18 and 20 for 
700° and 900°C indicate a declining rate of reaction. 
A parabolic plot of the rate data indicates a straight 
line behavior. This special case of the declining rate 
law may be explained using the expression of 
van Liempt® W/W, — K\/t for the absorption of 
gases in metals. This equation has been discussed 
by Barrer* and by the authors under Reaction with 
Nitrogen. 

The effect of temperature on the rate of reaction 


ae for tantalum may be discussed qualitatively. 
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Fig. 24—Reaction of Ta with H,. Effect of pressure. 


The low temperature hydride appears to have, from 
an analysis of fig. 19, a very high temperature co- 
efficient while the high temperature form has a 
smaller temperature coefficient. Due to the extreme 
sensitivity of the hydride reaction to surface films, 
impurities and inhomogeneities in the metal it is 
difficult to evaluate the temperature coefficient and 
energy of activation. 

2. Comparison of the Hydrogen Reaction: A com- 
parison of the hydrogen reaction on the four metals 
is shown in fig. 21. Tantalum reacts at a much 
slower rate than the metals columbium, zirconium 
and titanium. 


3. Pressure: Columbium: Fig. 22 shows the effect 
of pressure on the reaction at a temperature of 
300°C over the pressure range of 5.7 cm to 0.18 cm 
of H;. The effect of pressure is in marked contrast 
with what is found for the nitrogen reaction. Fig. 23 


peure : dw 
shows a plot of the initial reaction rates as a 


function of the square root of the pressure. The 
data can be fitted best by two straight lines. These 
results may be explained by the following rate law: 


—= k p’/’ e”*/" in which k takes on two different 


values. The agreement of the data with the simple 

square root law is observed for the hydrogen re- 

actions on zirconium and titanium. The theoretical 
basis of the square root of pressure law has been 
discussed by Barrer* and by the authors.? The 
present theory indicates that the diffusion of 
hydrogen into the metal is occurring by atoms 
of hydrogen. 


Tantalum: Fig. 24 shows the effect of pressure 
on the reaction at 400°C over the pressure range 
of 3.8 cm to 0.4 cm of Hg. Fig. 25 shows a plot 


Reet ; aw f 
of the initial reaction rates—a- as a function 
of the square root of the pressure for two types 
of specimens. The upper curve shows the re- 
sults for specimens abraded immediately before 
using while the lower curve shows similar re- 
sults for specimens which had been abraded for 
several weeks and stored in a dessicator. The 
results show that the square root law is prob- 
ably obeyed for pressures below about 2.5 cm 
of Hg. Above this pressure a break appears in 
the plot. The freshly abraded specimens give 
faster reaction rates than the regular abraded 
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Fig. 25—Reaction of Ta 


with H,. 400°C. Max. rate 
vs. P’/? mm. 
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Fig. 26—Reaction Cb with H.. 
200°-400°C stability. 
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are unstable. An example of an unstable reaction 
product is shown in fig. 26. After evacuating at 
342°C the reaction product decomposes. After the 
hydrogen is evolved the weight of the sample re- 
turns to its original value. These experiments indi- 
cate that at temperatures of between 250° and 
300°C the hydrogen reaction product becomes un- 
stable in high vacua. The hydrogen complex of co- 
lumbium decomposes at a lower temperature than 
the corresponding complexes of titanium and zir- 
conium. 

The stability of the high temperature hydride 
formed at 700° and 900°C is shown in fig. 18. After 
evacuating to 10° mm of Hg the 900°C experiment 
shows that the reaction product is stable. However, 
the 700°C curve shows that a large part of the 
hydrogen is lost on evacuation. 

Tantalum: Fig. 27 shows the reaction with hydro- 
gen at 400°C in 2.4 cm of hydrogen. An absorption 
of 17.0 micrograms per cm’ occurred in 2 hr of re- 
action. Upon evacuation the hydride decomposes in 


—> WT. GAIN 2 GM/cM? 


0 40 80 120 160 


200 240 280 520 360 


TIME (MIN) 
Fig. 27—Reaction of Ta with H,. 400°C and stability. 


samples. The results fit the same rate law as is 
found for the columbium reaction. 


4. Stability: Columbium: The stability of the 
hydrogen reaction product formed at the several 
temperatures is tested by evacuating to 10° mm of 
Hg and observing the weight of the specimen and 
the pressure in the system. The reaction product is 
found to be relatively stable at 250°C. However, 
the reaction products formed at 300° and 350°C 


the vacuum. A similar study at 350°C shows that 
the hydride is stable to a vacua of 10° mm of Hg. 
Long period measurements may show a very small 
loss of hydrogen. The hydride formed at 500°C de- 
composed completely in a few minutes. 

The hydrides formed at 700° and 800°C are stable 
as shown by the readings taken in a vacuum of 107 
mm of Hg or lower in fig. 20. The weight change on 
evacuation is due to a buoyancy correction. The 
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experiment at 600°C shows a stable hydride to be 
formed. Due to the buoyancy correction it is dif- 
ficult to say whether there is present, in addition, a 
hydride which decomposed on evacuation. 


Conclusions 


The reactions of columbium and tantalum with 
oxygen, nitrogen and hydrogen and in high vacua 
are studied using the vacuum microbalance method. 

In vacua of 10° mm or lower columbium loses 
weight below 464°C and tantalum loses weight be- 
low 605°C while at higher temperatures the metals 
act as getters in a similar manner to zirconium and 
columbium. 

The reaction of columbium with oxygen is studied 
over the temperature range of 200° to 375°C and 
tantalum over the temperature range of 250° to 
450°C. A modified form of the parabolic rate law 
is found to fit the data and energies of activation 
of 22,800 cal per mol and 27,400 cal per mol are 
calculated from the temperature dependence of the 
rate law constants for the columbium and tantalum 
reactions. Using the transition state theory, the 
entropies and free energies of activation of the rate 
controlling process are calculated and the values 
compared to those of other metals. At 350°C the 
order of increasing rates of reaction is titanium, 
zirconium, tantalum and columbium. The effect of 
pressure on the oxidation reaction is small. 

The reactions of columbium and tantalum with 
nitrogen are studied over the temperature range of 
500° to 850°C. The parabolic rate law may be fitted 
to the data. Using the method of van Liempt the 
parabolic rate law may be deduced from direct dif- 
fusion of nitrogen, into the metal. The reactions are 
not sensitive to pressure. The evidence indicates 
that the reactions are not taking place directly on 
the base metal but rather through a film of nitride 
which limits the pressure from exerting its normal 
influence on this type of reaction. The nitride film 
thickness is governed by the rate of formation and 
the rate of solution. The reaction products are stable 
to the highest temperature tested, namely 923°C. 

A study of ,the hydrogen reaction shows that the 
rate of reaction is a function of the square root of 
the pressure. This evidence indicates that the hydro- 
gen is diffusing into the columbium or tantalum 
lattice as atoms and the surface is essentially free 
from a hydride film. The hydrogen reaction product 
on columbium is stable in vacua of 10° mm of Hg 
to a temperature of 250°C. Above this temperature 
the reaction product decomposes. A high tempera- 
ture reaction product is also observed. This reaction 
product is stable at 900°C to a vacua of the order 
of 10° mm of Hg. The reaction of tantalum with 
hydrogen shows that two possible stable hydrides 
are formed. A low temperature form exists below 
350°C in high vacua and a high temperature form 
at temperatures above 700°C. 
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The Graphical Representation 


of 


Metallurgical Equilibria 


by C. J. Osborn 


The temperature dependence of the free energies of formation of metallurgi- 
cally important oxides, sulphides, chlorides, carbonates and sulphates is presented 
graphically, whereby the task of deriving practical metallurgical information is 


greatly simplified. 


The diagrams haye been revised according to the latest available thermodynamic 
data. 


HILE it is true that much careful investiga- 
tional work remains to be done, there are al- 
ready available in the literature sufficient thermo- 
dynamic data to enable the metallurgist to predict 
with reasonable confidence the equilibrium condi- 
tions to be expected in most important, and poten- 
tially important, metallurgical reactions. In this 
connection, the careful, critical compilations of K. K. 
Kelley and his collaborators in numerous U. S. 
Bureau of Mines Bulletins are particularly valua- 
ble. However, the translation of reliable thermo- 
dynamic data into metallurgical language unfor- 
tunately involves lengthy manipulations of the 
cumbersome formulas which can be set up from 
heat of formation, entropy, and heat capacity data. 
Many years ago, Kelley” predicted that thermo- 
dynamic calculations would be made in the future 
“with the aid of free energy, heat content, and 
entropy tables, rather than by means of the alge- 
braic methods employed at present”, and where 
such tables are available they greatly simplify the 
task of deriving practical metallurgical informa- 
tion. However, in addition to these tables, there are 
also available one or two reliable graphical 
presentations, particularly of free energy data, 
which may be used in the same way as the tables, 
but which have the added advantages that inter- 
polation is never necessary, and that the behavior 
of different metals or compounds may be compared 
at a glance. 
Some years ago Professor Robert Lepsde, Head of 
the Department of Metallurgy at Norways Institute 


of Technology (N.T.H.), began a compilation of 
curves showing the temperature dependence of the 
heat contents of the elements, and the heat con- 
tents and heats and free energies of formation of 
the common metallurgical compounds. With such a 
compilation, the thermal and free energy require- 
ments of a reaction may be read from curves in a 
matter of seconds; and this statement applies not 
only to the formation of compounds from their 
elements, and to the reverse dissociation, but to any 
reaction involving substances whose thermodynamic 
properties are available. This follows from the fact 
that heats and free energies of formation are com- 
pletely additive. For example, the free energy 
change associated with the chlorination of a metallic 
oxide at any temperature, T, is given by the free 
energy of formation of the chloride at temperature 
T minus that of the oxide also at T; both of these 
quantities may be read directly from curves of the 
type suggested above. 

Since this early, unpublished work of Lepsée, 
both Ellingham’ and Richardson and Jeffes* have 
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_ published free energy curves, but there has been a 
need for a revised and more complete compilation. 
It is the aim of the present paper to meet this need, 
but it must be stated at the outset that some of the 
_ available curves of minor importance have been 
- omitted from the diagrams in order to avoid con- 
- gestion. 


_ Standard Free Energy Changes: In the present 
_ paper, attention will be confined to curves illus- 
_ trating the temperature dependence of the free 
energy of formation, because it is this type of 
- curve which shows directly the equilibrium con- 


ditions to be expected. The significance of the free: 


_ energy function cannot be discussed in detail in a 
- paper of this nature, but there are two points in 
_ particular which may be emphasized before pro- 

ceeding to a study of the actual curves. First, the 


1200 [400 S600 (800 2000) 2200 


C 


_. Fig. 1—Standard free energies of formation of metal oxides, for reactions involving 1 gram mol of oxygen. 


decrease in free energy (—AF) accompanying any 
reaction is a measure of the tendency for the reac- 
tion to proceed, under the specified conditions. 
Second, the magnitude of the decrease in free energy 
accompanying a reaction at any temperature, T, de- 
pends on the activities of the participating sub- 
stances. — 


Thus, for any chemical reaction: 
aA + bB...... 2iluL+mM-...... [1] 
the change in free energy at a given temperature 


and pressure is given by the van’t Hoff “reaction 
isotherm” 


peor Tinks RT ins [2] 
A 


Boel sewel ols 


=== RE in Kt RT An J,, [3] 
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Fig. 2—Standard free 
energies of formation 


of metal sulphides, for 
reactions involving 1 


10 ae | ; 
5 5 


Ca 
= 


gram mol of S, gas. 


(With the exception of the 
Mf curve for CaS, which in- 


ft) volves 2 CaS ++ 100 k cal.) 


«0 eae 


trary values of the activit’ 
may be obtained simply 


adding the activity correctic 
RT in J,. Frequently this cc 


50 


rection is not necessary, but 
simple graphical method 1 
applying it will be describ 
later. Furthermore, it can 
seen from Eq 4 that curv 


60. 


% showing the variation of t 
standard free energy chan; 


can be used to obtain t 


equilibrium constant, K, at a 
temperature, and from this 


B is usually a simple matter 
call calculate the equilibrium cot 


position of the system at tk 
temperature. 
For a full discussion of t 
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free energy concept, referer 
may be made to any of t 


standard texts on thermod 
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namics, such as those of Lev 
and Randall”, and Glasstone’. 

Methods of Calculation a 
| Presentation: The curves to 
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presented in this paper we 


plotted from expressions for t 
standard free energy of form 


tion as a function of temper 
ture, which were derived by t 
usual methods from heat c 
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pacity, heat of formation, e 
tropy and free energy da 


Briefly, if the specific heats, | 
of all substances concerned < 
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where K is the equilibrium constant of the reaction 
at temperature, T, and is equal to the value of the 
activity function, J,, at equilibrium. R is the gas 
constant (R = 1.987 cal. per deg.), T is the tem- 
perature in degrees Kelvin, and a,, etc. are the 
activities of the various products and reactants. 
Since there is very little information available on 
the activities in solutions at high temperatures, it 
is generally necessary to assume that the activities 
in liquid or solid solutions are equal to the mol 
fractions, and that activities in gases are equal to 
the partial pressures. The activity of a pure liquid 
or solid phase is defined as unity. 

If the activities of all reactants and products are 
unity, J, = 1, the change in free energy is termed 
the “standard free energy change”, AF°,, and we 
may write , 


AF°, = —RTInK [4] 
or, for a reaction involving arbitrary activities, 
AF, = AF°, + RT 1n J, [5] 


Hence, if the standard free energy change, AF°,, can 
be read from curves, the value of AF, for any arbi- 


known as functions of the a 
solute temperature, T, the he 
of formation at any temperatu 
is given by the relation 


vi 
aH, = aH, + { C,aT 


An expression may then be derived for the ste 
dard free energy change by making use of 1 
Gibbs-Helmholtz equation: 

AH 


SS 1S. 


Where phase changes occur in one of the substan 
involved, the expression derived by means of Ex 
may be corrected by adding or subtracting a simi 
expression for the standard free energy char 
associated with the phase transformation. 

In some cases, the curves have been plotted | 
rectly from expressions derived by Kelley” 
Thompson”, or Richardson and Jeffes*; where’ 
possible more recent data have been used. 

The method of plotting free energies is simi 
to that used by Ellingham’, in which the stand: 
free energy of formation associated with the utili: 
tion of one gram-mol of the combining gas is plot 
against the temperature. Five sets of compound: 


/#00 1600 
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Fig. 3—Standard free 
energies of formation 
of metal chlorides, for 


reactions involving 1 
gram mol of Cl, gas. 


oxides, sulphides, chlorides, 


sulphates and carbonates—are 
given in fig. 1-5, and in each 


case the free energy change is 


that associated with the re- 
action of one gram-mol of the 


gas—O,,’ S., -Cl., SO,, and CO, 
respectively—with the corre- 


sponding stoichiometric amounts 


of the metal or oxide. Actu- 
ally, the curves for sulphates 


and carbonates give a free en- 


ergy of reaction between the 
oxide and either sulphur tri- 


Acal. 


° 


oxide or carbon dioxide, and 
not the usual free energy of 


5 


A 


formation from the elements. 
This method of plotting has 


the advantage that, in any one 


class of compounds, it shows 
immediately which metals form 


more stable compounds than 
others. For example, in fig. 1, 


if at a particular temperature, 


T, the curve for the oxidation 
of the element A lies below 


that for the element B, the 
oxide of element A is more 
stable than that of element B, 


and there will be a tendency for 
element A, in the presence of 


the oxide of element B, to dis- 
place B from the oxide. 

An attempt has been made to 
estimate the accuracy of the S30 
various curves, and to classify 
them according to the scheme 

_ suggested by Richardson and 
 dJeffes*. Table I 
-- method used to represent curves 
of different accuracy, but it must 
be emphasized that these accuracy ratings are only 
_ roughly correct. On the one hand, great care has 
- been taken to use values which are considered most 
probably correct, but in some cases where very few 
experimental results are available, there is no means 
- of assessing the correctness of the values chosen, so 
that the accuracy rating may become a matter of 
guess-work. In this connection it should be men- 
_ tioned that the sulphate curves show a considerable 
discrepancy from results obtained by vapor pres- 
sure measurements for the decomposition of sul- 
_ phates, Zn SO, and Fe SO, in particular. Due to 
the metallurgical importance of roasting reactions, 
there is an urgent need for further investigation of 
_ these equilibria. 
_ A diagram showing the effect of temperature on 
the free energy of formation of various silicates 
(fig. 6) is reproduced here from a paper by 
_ Richardson”. 
_ Data Used for Calculations: The sources of data 
used in constructing fig. 1-5 are summarized in 
_ table II, but for the sake of simplicity only the in- 


shows the x00 #00 


600 ees 000-—«ikek0~S—«iI#0D-—~=—«=i«édG 


formation necessary to set up the basic free energy 
equation is given. Unless specifically listed in table 
II, all figures for melting points, heats of fusion, 
boiling points and heats of vaporization have been 
taken from either Metals Handbook, 1948”, (ele- 
ments only), from the compilations of K. K. Kel- 
ley" “, or, when these sources failed, from Hodg- 
man’s “Handbook of Chemistry and Physics’. 
- The derivation of most of the oxide curves was 
described in greater detail in a previous paper”. 
Method of Correcting for Activities: The activity | 
correction term, “RT In J.”, may be estimated for 
most practical cases from fig. 7, which shows the 
function RT 1n a for a = 2, 5, 10, 100, and 1000. 
For each of the participating substances which is 
not present in its standard state of unit activity, a 
correction term may be read from fig. 7 and then 
multiplied by the numerical coefficient of its mol- 
ecular formula in the reaction equation (i.e. the 
factors a, b, l, m,...in Eq 1). This correction term 
must be added to AF°, if it concerns a reaction 
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Fig. 4—Standard free 


energies of formation 
of metal sulphates 


from the oxide and 
SO,, for the reaction 


involving 1 gram mol 
of SO, gas. 
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Table I. Key to Free Energy Diagrams 


600 800 200 


Element or 
Other Starting 


Changes of State Material Product 
Melting Point M [M] 
Boiling Point B [B] 
Sublimation Point Ss [Ss] 
Transition Point T [T] 
Probable Accuracy of Data: 
+ 1kilocal 
+ 3 kilocal 


+10 kilocal 


>+10 kilocal 


product, and subtracted if it concerns a reactant. 
Further, if a is less than unity, as in the case of 
gases at partial pressures less than 1 atm, or in solid 


1400 1/600 


or liquid solutions, the corrections must be read 
for the reciprocal of a, and added to AF°, if it con- 
cerns a reactant, and subtracted if it concerns a 
reaction product. 

Conclusion 


In conclusion, it must be emphasized that, while 
an attempt has been made to use the most reliable 
thermodynamic data available to draw the diagrams 
presented herein, there are certain apparently 
anomalous features which must be treated with 
caution. An example is the position of the alkali 
metal curves in the oxide diagram, fig. 1; these fall 
higher than would be expected. It must also be 
remembered that the phase transformation points 
shown in the diagrams are those of the pure sub- 
stances, and the temperatures in practice will fre- 
quently be lowered by the mutual solubility of two 
or more substances. While the activity corrections 
involved in solutions may often be small in com- 
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Fig. 5—Standard free 

energies of formation 

of metal carbonates 

from the oxide and 

CO., for the reaction 

involving 1 gram mol 
of CO, gas. 


parison with the free energy of formation, they are 

frequently significant in considering displacements 

and other reactions involving smaller free energy 
___ changes, so that a detailed application of the dia- 
- grams requires a more detailed knowledge of the 
phase relations in the system. 

However, the diagrams as they stand will furnish 
considerable useful information as to general ten- 
dencies. The only caution necessary here is that, 
if a metal can exhibit more than one valency in 
forming any type of compound, and if the curve 
shown is not that for the lowest valency compound, 
it may be possible for that particular metal to dis- 
place certain metals which lie lower on the diagram 
_ than does the given curve. This speculation may be 
- applied to the lower oxides of titanium, for exam- 
_ ple. In the case of tin oxides, the curves for SnO and 
- $nO, almost coincide, and only one curve is pre- 
_ sented here. 
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Table II. Sources of Data Used in Calculation 


DATA USED 
AlzO3 A Hoeps®1; Cp: AtoO356, A120, Oocl6; S524; equil., 
1500-2073 °Ké®+ 
As2O3 A Hops?; Cp: As2Os29, As20, Ov58; S°ops2t; A F'°99928 
BaO A Hoos?; Cp: O58, others Kopp’s Rule; S°29s27, 
others” 
CaO ‘ A Ho983,33; Cp: Ov!6, others20; A F°o298:82,33 and third 
law?4, 
CaO AF°7r, 298-1124 °K®; high temperatures recal- 
culated. 
CO, COz A Fo 7,8 
CoO A Ho9s3; Cp: O26, Co, CoO Kopp’s Rule; equil.7 
- CuzO A Hops3,62,88; Cp: Os!6, Cu%, CuzO; A F°59362,88 
and third law™ 
CuO AF°r, 298-1357 °K; A Hrus., Cuo# 
H2O A F° 762 
Fe oxides A F° 7,46 
PbO A Ho9s8,388; Cp:Oz!6, Pb, PhO&; A F°29982,33; red 
to yellow PbO, A F° 29844 
MgO A Hops55; Cp; Ocl6, others20; A S°29324 
MnO AF°7, 298-1500 °K57; A F°r, 1500 °K4 
HgO A Hoos?; Cp:Oo2l8, Hg, HgOU; A F°opstt; A F° 63029; 
A S ° 29824 
NiO A F° 7,82 corrected 40 
K2O A Hoos?; Cp: Ovl6, K20; assume Cy and A S°o29s8 
for K2zO same as Nase01,24 
SiOz A Hops#9; Cp: Os!6, others20; A S ° 295% 
Ag20 A Hopst2; Cp: Ov58, Ag?, AgoO42; A F°op542,38 
NazO AF°>r, 298-1165 °K®2; high temperatures recalcu- 
lated 
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Fig. 6—Standard free energies of formation of metal 
silicates from the oxide and 1 gram mol of SiO.,. 


Taken from Richardson 


A Hoos?; Cp: Oct8, others20; A Fos: equil.6, 
emf®2, third law ‘ 

A Hos8; Cp: Oo!6, Ti%, TiOs?; A S°298: TiO*S, 
others 

Ake o746 : 

A Ho9s%; Cyp:Oc!6, others2®; equil., emf, solubil- 
ity®?,33, third law 

ARe ge 


CaS, CSe, CoS, HeS, PbS, MoSe use Kelley’s® 
equations converted to formation from Sse, gas 

A F° 723,6 

A F° 723,86 
Mean of A F°7?3 and A F°?r calculated from 
same experimental results, but assuming a 
known A Ho2s99 instead of a known A S°29s. 
Cp: Mn®, others?3; S°x9s:Mn54, others*4; equil.é 

A Hoos?; Cp: S23, others209; A F°os: third law, 
assuming A S°%os as for FeS*%. 

A Hops®4; A Cp:28, A F 29834; see also4? 

A Hoos!®; A Cy?3; A S°o08 from; see®t 


A Hops!9; Cp: C26, Al20, AICls (est.); S°298:A18, 
Cle%4, AlCl; equil.% 

A Hoes?; Cp: Cl, others20; A F 29928, 

A Hoos8; Cp: Cle®, BaCl2®, Ba (Kopp’s Rule); 
S°29s: Cle, othersé 

A Hoaos8; Cp: Cl26°, Cd20, CdCle (Kopp’s Rule); 
S ° 2984, 

A Hos3; Cp: Cle8, Ca, CaCls88; S298: CaCls6, 
others 

A Hops8; Cp: Cls®, C20, CC1459; S°o9¢:CCly2, others? 

A Hos; Cp: Cl2%, Co2, CoCle (Kopp’s Rule); 
A S° 29824 

A Hoas87; Cp: Clo6°, Cu, CuCl (Kopp’s Rule); 
A F° 29887 

A Hoos; Cp: Cl2®°, Cu2, CuCle (Kopp’s Rule); 
S°x98: CuCle (est.), Cu8, Clo% 

A Hos8; Cp: all60; A F°n98?8; A S a4 

A Hoes? Cp: Cls8°, Fett,15, FeCls88; SS °o9g:FeCls26, 
others 
Cp,FeCls (est.); equil. measurements',63 

A Hoes8; Cp: Cl2®, others2®; A F° 29928 

A Hos; Cp? 3=9$M gClo88, others20; Sos: MgCls26, 
others 

A Hoos?; Cp: Cls60, Mn®2, MnCls38; Sos: MnCls26, 
others4 

A Hoos?; Cp: Cls80, Ni20, NiClo21; A S 29924 

A Hoos?; Cp: Clo80, Si2%, SiCls58; A S°s9924 

A Hoos8; Cp: Cls®, others20; F° 29928 

A Heps?; Cp: C26, others20; A F°o9928 

A Hoos8; Cp: Clo, 'Ti2, TiClsd8; A S 299% 

A Hops?; Cp:_ Cle89, others; A F°a92 


A F° 78 

A Hops!7; Cp: SOs58, SOo%8, 0x20; SOg17,24, 
others%; also A F°,it7 

CaSO1 CoSOs4 CuSO.u, PbSO:, MgSOu, NiSO,, 
ZnSOx; these were all drawn from Kelley’s 
equations, converted to the form: MO + SOs 
Za using the above data for oxides and 

3 


S ° 298: 


Als(SO4) A Ho9s8; Cp>6; A F°a9952 

FeSO. A Hoos?; assume A Cp and A § as for CoSO.4 

MnSO, A Hoos®?; Cp: MnSO428, Mn0O?0, SO358;AF ° 298:28,35; 
A S°o9s, mean of all other sulphates”? 

KeSOu A Ho9s%; Cp56; A F'° 29923 

Na2SOz AHog and A F°298,28,50; Cp:20, (55 for K2SOx4) 

CARBONATES 


BaCOs, CaCOzg FeCOs, PbCOs, MgCOs, ZnCOs; A F° 7% 
MnCOz A Hoes: MnCOg3!8, MnO, COst8; Cp: MnCOs%7, 
others”; A S° 298% 


NazCOs A Hos; Cp: NasCO3, NasO8,1, COst; A F° 29925 
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Conditioning Dwight-Lloyd Gases to Increase Bag Lite 


by R. E. Shinkoskey 


This paper outlines the development of a program for increasing the life of 
woolen bags used for filtering Dwight-Lloyd gases by treating the bags and gases 
with hydrated lime. Methods and apparatus are described for determining alkalinity 
‘of dusts, acidity and breaking strength of bag cloth. Procedure and results, based 

on several years of operation, are presented. 


URING 1939, additional facilities were con- 
structed in the Dwight-Lloyd Blast Furnace 
and Baghouse departments at the Selby, California, 
Plant of the American Smelting and Refining Co. 
In order to handle adequately the increased volume 
of gases from the resultant increase in production, 
it was necessary to increase gradually the amount 
of water used for cooling gases ahead of the sinter 
machine baghouse. As a result of this increased 
water cooling, the average bag life dropped from 
27 months in 1939 to 14 months in 1941. (Table I). 
This drop in life meant an increased bag cost, as 
well as lower recovery of dust and some curtail- 
ment of operation. 
During 1941, it was found new bags showed as 
high as 0.3 pct acidity* after two weeks of opera- 


* Methods for determining per cent acidity in bag cloth (table 
II) and per cent relative alkalinity of dust (table III) were de- 
veloped by A. L. Labbe and J. J. Donoso of the American Smelting 
and Refining Co. 


tion and as much as 2.0 pct acidity after some 
months of operation. This high acidity was present 
in spite of the fact that free oxide or relative al- 
kalinity of the unburned dust ran from 5 to 6 pet. 

In view of these circumstances, a twofold pro- 
gram was started in Nov. 1941.7 Part one of this 


} This program was started largely as a result of work initiated 
by A. L. Labbe of the American Smelting and Refining Co. 


program consisted of vigorously dipping all new 
bags in a weak lime solution, containing 50 lb of 
hydrated lime per 50 gal of water. Part two con- 
sisted of feeding fine, dry, hydrated lime into the 
gas stream intake of the sinter baghouse fan. Ap- 
paratus for feeding this lime is shown in fig. 1. All 
baghouse chambers are shaken in rotation about 
once each hour. On alternate hours, the baghouse 
operator places 50 lb of hydrated lime (one sack) 
into the lime feeder, starts feeder and immediately 
starts the bag shaking machinery. The rate at 
which lime is fed is set to coincide with the ap- 
proximate time necessary to shake all sinter bag- 
house chambers, or about 15 min. It is felt this 
method of lime addition is most effective for getting 
lime into the woolen bag fabric. The amount of 
lime so fed averages about 600 lb per day. 

The amount of lime fed per day is varied to keep 
a minimum relative alkalinity of 9 pct in the un- 
burned sinter dust. A daily dust sample is taken 
for alkalinity by allowing dust to accumulate in a 
sample pipe over a 24-hr period. This sample pipe, 
placed in any chamber cellar, is 2 in. in diam, 4 ft 
long, is sealed on the inner end, and capped on the 


outer end. It has a % in. slot cut for 18 in. along 
the tip end. This slot faces upward and allows the 
pipe to fill gradually with dust as bags are shaken. 

Breaking strength of bags has, in most cases, been 
the deciding factor in bag replacement. Bags that 
normally test 100 psi breaking strength when new 
are replaced when they test under 35 lb. The 
method for determining breaking strength is shown 
in the description accompanying fig. 2. 

Since the start of the liming program in 1941, 
bag life has increased from 14 months to an average 
of over 23 months, with a consequent material de- 
crease in bag cost per year. 


Table I. Drop in Bag Life 


Total Life in Volume 
Bags in Total Months Gas 

DE&L Bags of Bags Filtered 

Type Bag- In- Re- cfm per 
Year of Bag house stalled placed Bag 
1938 Wool-fulled 803 357 27 99 
1939 Wool-fulled 803 255 27 117 
1940 Wool-fulled 803 545 22 110 
1941 Wool-fulled 1028 903 14 134 
1942 Wool-fulled 1028 535 23 166 
1943 Wool-fulled 1028 539. 22 134 
1944 Wool-fulled 953 521 24 105 
1945 Wool-fulled 878 400 25 112 
1946 Wool-fulled 878 498 23 115 
1947 Wool-fulled 878 400 23 97 


Table II. Method of Determining Per Cent Acidity 
in Bag Cloth 


Acidity, as per cent sulphuric acid, may be determined by means 
of a Beckman pH meter as follows: 

From a piece of bag cloth, which has been thoroughly cleaned 
of dust, a 5 g sample is weighed on a-balance. Cut the sample 
into fine pieces and place in a 400 ce beaker. Add 100 cc (meas- 
ured) of distilled water and stir vigorously. Filter on suction 
funnel, holding cloth pulp in beaker with a stirring rod. Wash 
cloth sample and filter wash water four additional times, each 
time with 20 cc distilled water, the last time squeezing cloth pulp 
over funnel. Discard pulp and rinse funnel and filter paper. Pour 
wash solution into measuring graduate and make up to exactly 
300 cc with distilled water. Place into clean 600 ce beaker and 
measure the pH on meter. The per cent acid in bag cloth is read 
from the following table:— 


pH Pct Acid pH Pct Acid 
2.0 Sot2 3.0 0.37 
pal 2.95 Sat 0.30 
2.2 2.34 3.2 0.23 
2.3 1.86 3.3 0.19 
2.4 1.48 3.4 0.15 
Dat3} 1.17 3.5 0.11 
2.6 0.93 3.6 0.09 
2.7 0.74 Sal 0.07 
2.8 0.59 3.8 0.06 
2.9 0.47 


Should it be desired, the per cent acid may be determined by 


titrating the wash solution with standard sodium hydroxide 
solution. 
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Fig. 1—Lime feeder. 
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Fig. 2—Standard 
testing of woolen 
smelter bags. 


Bac Jo 


Method of Determining Breaking 
Strength of Bag Cloth 
The breaking strength of bag 

cloth and seam is determined at 

Selby with a standard testing ma- 

chine of the pendulum type, known 

as the Scott Model DH. 

All specimens for testing are cut 

t from a 12 in. vertical band, as shown 
N on accompanying illustration. Indi- 
é vidual test specimens are cut 4 in. 
wide and 6 in. long. Two sets of 5 
specimens each are required; one 
set for warp breaking strength, hav— 
ing the long dimension parallel to 
warp yarns, and the other set for 
filling breaking strength and having 
the long dimension parallel to the 
filling yarns. Another set of 3 speci- 
mens for seam breaking strength is 
required. These specimens are to be 
4 in. wide by 6 in. long, with the 
shorter dimension parallel to the 
seam and the seam forming a central 
axis. 

The breaking strength in pounds 
per square inch of warp and fill is 
the average of each of the 5 test 
specimens, while the seam breaking 
strength is the average of the 3 test 
specimens. 

Table Ill. Method of Determining Per Cent Relative 
Alkalinity of Baghouse Dusts 


A 1g sample of dust is weighed into a 250 cc beaker, 15 cc dis- 
tilled water added and the solution stirred to break up lumps. Ten 
ec of half normal sulphuric acid are added and the solution 
brought to boil. It is then filtered through fine paper and washed 
three times with water. The filtrate, with 2 drops of methyl 
orange, is titrated with half normal sodium hydroxide. Per cent 
relative alkalinity is then given by the formula: 


Pct Rel. Alk. = (X — cc, NaOH) X 2.45 
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An Improved Automatic Smoke Sampler 


by J. J. Donoso 


N the operation of a smelter, continuous and 

accurate determination of smoke losses is essen- 
tial for purposes of metals inventories and as a 
check on the efficiency of smoke recovery apparatus. 

Previous to the development of a continuous and 
automatic smoke sampler by R. MacMichael, in 
1924, two methods were in vogue, and still are in 
some smelters, for measuring solids passing out of 
a flue or stack. These are: (1) the so-called dust 
concentration method whereby the gas volume pass- 
ing through the flue is first measured and then the 
total amount of solids carried in the smoke stream 
calculated from the weight of suspended matter 
filtered out of a measured volume of gas; (2) the 
balanced tube method is independent of gas volume 
flowing through the flue, and relies for its accuracy 
on the fact that a true smoke sample may be taken 
if the velocity of the gas in the sampling tube is 
constantly maintained at a known ratio of the 
average flue gas velocity. The total amount of solids 
passing through the flue is then proportional to the 
weight of filtered solids and to the ratio of the area 
of the flue to the area of the sampling tube, cor- 
rected for the velocity ratio. 

The limitations of the first method lie in the un- 
certainty of the varying volume of gas arising from 
metallurgical operations and the unreliability of 
ordinary gas meters to hold their accuracy under 
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Fig. 2—Automatie multi- 
ple smoke sampler. Gen- 
eral arrangement. 
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such severe service. The impracticability of manu- 
ally keeping the sampling and flue velocities equal 
for long periods of time renders the balanced-tube 
method of smoke sampling an indicative or spot 
check device. 

MacMichael’s sampler, in reality an automatically 
controlled balance tube, removed the human ele- 
ment and made possible the accurate and continu- 
ous determination of smoke losses. Essentially, the 
principle of operation of the MacMichael sampler 
is as described for the improved sampler, but the 
cumbersome and complicated electrical velocity- 
regulating device employed in his units gave rise 
to frequent interruptions and elaborate maintenance. 

These objections have been overcome in the im- 
proved samplers now in use in a number of plants, 
both of American Smelting and Refining Co. and 
of others licensed by it. The utilization of modern 
fluid or pneumatic differential pressure controlling 
instruments not only makes the operation of the 
present sampler more trouble-free, but also allows 
for simultaneous sampling of multiple points or 
flues, using only one filter and one exhaust system.* 


*U.S. Pat. No. 1494855. 


Theory and Operation 


If a portion of the smoke stream is continuously 
withdrawn at a velocity constantly corresponding 
to the velocity of the gas in the flue, and the solids 
separated from the withdrawn portion of the smoke 
stream in a filtering medium, the total weight of 
solids being carried in the stream can then be de- 
termined from the weight of solids filtered out of 
the smoke sample in a known time, and the ratio 
of the area of the flue to the area of the opening 
through which the sample was taken. In the 

formula for smoke losses by this method, it is nec- 
essary to incorporate a factor which relates the 
average velocity of gas at the sampling point to 
the average velocity of gas in the flue as a whole. 
In practice, such a factor is determined by simul- 
taneous Pitot tube explorations of flue and sampling 
point velocities. 

Fig. 1 shows two piezometer rings inside the flue 
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Fig. 3 (left)—-Two-inch piezometer ring assembly. 


Fig. 4 (above)—Filter holder for automatic smoke 
sampler. 


whose dust burden is to be measured. For clarity 
they are shown side by side on a horizontal plane, 
but in practice they are located on a vertical plane 
at right angles to the flow of gas in the flue and 
approximately 12 in. apart on a horizontal line. 
Ring No. 5 is open at both ends and measures only 
the static pressure in the flue since there is no 
impedance to the flow of gas through it. This ring 
is connected to one side of the diaphragm of a dif- 
ferential pressure controller. A static pressure of 
the same magnitude acts upon ring No. 6 because 
of its proximity to ring No. 5, but since ring No. 6 
is connected to a filter system, resistance is offered 
to the flow of gas, so that unless gas is removed 
through it by the suction system at exactly the 
same velocity as gas flow in the flue, a dynamic 
pressure will be imposed which will distort the 
magnitude of the static pressure in ring No. 6 from 
that in ring No. 5. The impulse line of ring No. 6 is 
connected to the opposite side of differential pres- 
sure controller diaphragm. As the static pressure 
in ring No. 5 varies due to changes in flue gas 
velocity, the controller seeks to equalize the static 
pressure in ring No. 6 by allowing more or less gas 
to flow through the sampling pipe as conditions may 
require. Thus, gas flow through the sampling pipe 
is constantly maintained at the same rate as in the 
flue and a truly representative smoke sample is 
obtained. 

The actual arrangement of the various units con- 
stituting the smoke sampler will be better under- 
stood by referring to the pictorial representation on 
fig. 1. No. 5-5 and 6-6 are the piezometer rings 
described above and shown in detail on fig. 2. Im- 
pulse lines 3-3 and 4-4 lead from the piezometer 
rings and are connected to opposite sides of dia- 
phragms in differential pressure controllers 8-8. 
Connected in parallel with the controllers are dif- 
ferential pressure recorders 7-7 which furnish a 
running record to check on the sampler’s perform- 
ance. As the magnitude of the static head measured 
by rings 5-5 changes due to variations in flue gas 
velocity an impulse is transmitted from controllers 
8-8 to regulating valves 9-9, which actuate butter- 
fly dampers 2-2 in such a direction as to restore 
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zero difference in static heads 5 and 6 by allowing 
more or less gas to flow through sampling pipes 1-1 
as conditions may require. The sampling pipe, or 
pipes, discharge into a filter holder, 10, the solids 
being retained in the filter fabric, 11, and the clean 
gas passing through the suction system, 12, and 
evacuating at a point downstream from the samp- 
ling pipe. 

As a direct check on the performance of the 
sampler installed at the Murray, Utah, plant of 
American Smelting and Refining Co. aside from the 
visual zero difference indicated by the recorder, 
simultaneous Pitot tube readings taken at the samp- 
ling point in the flue and in the sampling pipe out- 
side the flue, over extended periods of time, gave 
results to indicate that the accuracy of the sampler 
~ was close to:100 pet. Actually, average velocity of 
gas through flue during testing period was 21.2 fps, 
and through sampling pipe 21.4 fps. The static 
pressure in the flue varied from 0.40 in. H.O to 0.75 
in. H,O and the velocity head averaged 0.1 in. H.O. 

In the practical application of this sampler, ex- 
perience dictates the size of piezometer rings and 
sampling pipes most adaptable to the particular 
conditions, although preliminary surveys may be 
made to determine volume and dust burden of gas 
passing flue to be sampled. For most practical pur- 
poses, 2 in. rings and sampling tube will suffice to 
obtain measurable amounts of dust filtered out of 
baghouse or Cottrell exhaust gases. (Fig. 3). 

The size and material of the filter will again vary 
according to conditions, but generally a 30 in. bag 


Fig. 5 (left)—Instrument 
cabinet. 


Fig. 6 (right)—Exhaust 
fan, regulating valve and 
filter holder. 


Fig. 7 (below) — Piezo- 
meter leads and insulated 
filter holder. 


of standard 18 in. diam woolen baghouse 
fabric is of sufficient size and durability to 
filter most metallurgical fumes. The filter is 
placed within a 20 x 36 in. steel drum with 
a detachable cover on which the filter bag 
is tied to a thimble, provision being made 
for periodic shaking of the bag by means of 
a wire tied to the bag and brought to the 

outside of the drum (fig. 4). The steel drum 
is electrically heated and insulated, and the tem- 
perature of the gas within the drum thermostatically 
controlled to insure a dry sample and longer filter 
life. (Figs:55/65 7.) 

A few days trial will determine the operating 
routine for a new sampler. The frequency with 
which a filter bag will have to be shaken will be 
shown by the differential pressure recorder, a de- 
viation from zero difference indicating plugging up 
of the filter pores beyond the capacity of the ex- 
haust system. Duration of a continuous sample is 
best determined by trial during the first few days 
operation; sufficient amount of dust should be ac- 
cumulated to avoid weighing errors against the 
weight of the filter. 

Having ascertained the effective flue area by 
sounding to eliminate area occupied by accumu- 
lated dust, and the Sampling Flue Factor by Pitot 
tube explorations, the formula for dust loss deter- 


mination by the automatic balanced-tube method 
becomes: 


Dust Loss (1b per 24 hr) = Ae X 24 X W X Fy 


As Time 
Where, 
Ae = Effective flue area (sq ft) 
As = Area of sampling pipe (sq ft) 
Time — Duration of sampling (hr) 
W = Weight of filtered sample (lb) 
F, = Flue factor, ratio of average overall flue 


gas velocity to average flue gas velocity 
at sampling point. 
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Extractive Metallurgy of Aluminum 


by R. S. Sherwin 


The extractive metallurgy of primary aluminum from its ores is discussed with 
special attention to the production of alumina from high grade ores by the Bayer 
process, including differences between American and European practice and a brief 
description of some processes for lower grade ores and the electrolytic reduction of 

the oxide to aluminum. 


ETALLIC aluminum is not found in nature, but 
the oxides, hydroxides, and especially the sili- 
eates are plentiful. The estimated percentage of 
aluminum in the crust of the earth is about 8 pct 
while that of iron is about 5 pct. By far the larger 
portion of this is combined with silica in the form 
of various clay minerals and igneous silicate rocks. 
From the point of view of extractive metallurgy of 
aluminum, these are low grade ores while the better 
qualities of bauxite are the high grade ores. There 
have been various definitions of bauxite but perhaps 
the best definition at the present time is that bauxite 
is a rock or earth commonly used as an ore of alumi- 
num or its salts in which the aluminum is present 
predominantly as a hydrate or a mixture of hydrates 
and hydrous oxides. It contains varying amounts of 
oxides of silicon, iron, and titanium and traces of 
compounds of some of the less common elements. 
The silica is mainly combined with alumina as clay 
or clay minerals which are hydrous aluminum sili- 
cates, although a part of it may be present as quartz 
sand. On the American continents, the alumina is 
mainly present as gibbsite, Al,O, - 3H,O, and the 
same may be said of the best known deposits of the 
Dutch East Indies and some of the deposits in India. 
In France and other countries in Europe as well as 
in Africa, the alumina is present mainly as boeh- 
mite, Al,O, - H.O, but in some of these deposits it is 
mixed with minor amounts of gibbsite. Some other 
deposits, such as those in the islands of Haiti and 
_ Jamaica, evidently contain two or more hydrates or 
hydrous oxides of alumina in varying proportions. 
Perhaps the main portion of the alumina may be 
present as gibbsite and boehmite with the propor- 
- tion between the two varying rather widely. 

In the silicate minerals, including clay, the alumina 
is chemically combined with silica and has not been 
separated satisfactorily by mechanical or physical 
_ ore-dressing methods. Low grade bauxites are mix- 
tures of hydrates, usually gibbsite or boehmite, with 
clay, iron oxides, etc. In some low grade bauxites, 
it is possible to separate a portion of the gibbsite or 
boehmite, which may be present as relatively hard 
and coarse particles, from soft or finely divided clay 
minerals by log washing or similar methods. This 


has been applied to the product of some mines or 
parts of them, but on other ores it is not applicable. 
In some cases the gibbsite or boehmite is almost as 
fine and soft and of nearly the same specific gravity 
as the clay minerals so that washing and gravity 
separations are not successful. The iron oxide, the 
clay minerals, and a part of the titanium minerals 
are often so finely dispersed in the ore that any of 
the physical mineral separation methods, including 
separations by gravity, particle size, flotation, and 
electrostatic or magnetic separation, have not been 
commercially successful except on relatively small 
lots of ore. For these reasons, the only available 
methods of separation on the general run of ores 
have been methods which would be classed as 
chemical rather than physical or mechanical sepa- 
rations. 

Aluminum oxide can be reduced by carbon at 
temperatures above 1800°C to form metallic alumi- 
num and aluminum carbide or nitride. The tempera- 
ture for rapid reduction of aluminum oxide to 
metallic aluminum is about the boiling point of 
aluminum and above the temperatures necessary 
to reduce iron, silicon, and titanium so that the 
direct reduction of an aluminum ore with carbon 
will produce an alloy of aluminum, iron, titanium, 
silicon, etc., which may be mixed with carbides and 
nitrides. Also a large amount of the reduced alumi- 
num may be lost as a vapor except in the presence 
of some alloying agent such as copper or other 
metals. While it is possible to refine such alloys or 
mixtures so as to produce commercially pure alumi- 
num, the methods which have been found are too 
expensive for the present market. One direct re- 
duction method which found limited commercial use 
in Germany during World War II was the direct 
reduction of a mixture of clay containing very little 
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iron, with pure alumina in an electric furnace with 
coke to produce an aluminum-silicon alloy. While 
the proportion of clay to alumina varied, they were 
usually mixed in proportions which would produce 
an alloy containing approximately 60 pct Al and 40 
pet Si. In general, these proportions worked better 
than other mixtures which would produce an alloy 
higher in aluminum. The product from these fur- 
naces was used as a “mother alloy” or “pre-alloy” 
to be mixed with aluminum for some of the com- 
mercial aluminum-silicon alloys... The maximum 
production by this method was probably something 
like 10,000 tons per year. 

The commercial production of high grade alumi- 
num from its ores is divided into two separate and 
distinct processes. The first process produces pure 
alumina from the ores, and the second process re- 
duces the pure aluminum oxide to metallic alumi- 
num by electrolysis of a solution of alumina in 
molten cryolite using carbon electrodes. 


Production of Alumina 


While many processes have been devised for the 
production of pure alumina from bauxite, clay, and 
other minerals, the one which is used predominantly 
and almost to the exclusion of the others is the 
Bayer process invented by Carl Joseph Bayer some 
sixty years ago. Briefly, this process consists of dis- 
solving alumina from bauxite in caustic soda solu- 
tion to form a sodium aluminate solution, settling 
or filtering to remove the insoluble residue, pre- 
cipitating the alumina as hydrate from the solution, 
and calcining the hydrated alumina to aluminum 
oxide for use in the electrolytic reduction process. 

Among the processes which have been tried was 
the production of molten alumina in an electric 
furnace with carbon to reduce the iron, silicon, and 
titanium to form a heavy alloy in the bottom of the 
furnace and a molten alumina slag which could be 
separated, cooled, and used for the production of 
commercial aluminum by electrolytic reduction. A 
limited market was found for the iron-silicon-ti- 
tanium alloy which also contained some aluminum, 
and the alumina slag was used in the commercial 
reduction of aluminum. There was some difficulty 
in obtaining aluminum of the purity desired in the 
market, and the cost of the process was high so that 
it was abandoned. 

Other processes which have been tried for the 
production of pure alumina may be classed as acid 
processes, acid salt processes, and alkaline processes. 
In the acid processes, the alumina was dissolved 
from bauxite, clay, or other minerals in solutions 
of sulphuric acid, nitric acid, hydrofluoric acid, or 
others. Aside from the cost of these processes, there 
were difficulties in the complete separation of iron 
or other impurities, and there was also the difficulty 
of converting the aluminum salt to alumina by cal- 
cination or otherwise. 

Among the acid salt processes, the potassium alum 
process of the Kalunite Co. dissolved the alumina 
in a solution of sulphuric acid and potassium sul- 
phate to form potash alum which was crystallized, 
redissolved in a minimum amount of water, heated 
to precipitate a basic potash alum which was then 
washed and calcined to form a mixture of potassium 
sulphate and anhydrous alumina. After removing 
the potassium sulphate by solution, the alumina was 
dried for use in the reduction process. Another acid 
salt process was the ammonium alum method in 
which clay was treated with ammonium bisulphate 
to produce an ammonium alum solution. This solu- 


tion was then treated with ammonia to precipitate 
the alumina and convert the ammonium bisulphate 
to ammonium sulphate. The alumina was calcined 
for use in the aluminum industry, and the am- 
monium sulphate solution was evaporated and re- 
converted to ammonium bisulphate by heating in | 
an electric furnace. This made it possible to recycle 
both the ammonium sulphate and the ammonia in 
the process. Both of these acid salt processes were 
tried during World War II but are not currently in 
use. 


Alkaline Processes: A group of alkaline processes 
have been tried in which high silica bauxite, clay 
or silicate rocks containing a considerable amount 
of alumina were heated to incipient fusion with lime 
or soda or both. There have been so many of these 
variations that it seems unnecessary to discuss them 
all. Where lime and soda are both used in the fur- 
nace, the lime is proportioned to the silica to form 
2CaO - SiO., and the soda is proportioned to the 
alumina to form Na,O - Al,O;. Where no soda is used 
in the furnace, the lime is proportioned to form 
2CaO - SiO, and 1 to 1.6 mol CaO per mol Al,O;. In 
practice a slight excess of either lime or soda or 
both is used, and the mixture is heated to tempera- 
tures varying from 1050° to 1200°C or higher, 
according to the raw materials used or other local 
conditions. 

In the leaching process, enough soda is added to 
give anywhere from 1.1 to 1.6 mol Na,O per mol 
Al.O;. This varies according to the degree of stability . 
required in the solution; the higher the proportion 
of soda to alumina, the more stable the solution 
will be. 

The Pedersen process used a relatively high iron 
monohydrate European bauxite with limestone and 
coke in an electric furnace to produce a calcium 
aluminate calcium silicate slag. This slag was 
leached with a sodium carbonate solution, usually 
not over 5 pct, to take the alumina into solution as 
sodium aluminate. After removal of the insoluble 
residue by sedimentation, the alumina was pre- 
cipitated by carbon dioxide, leaving the sodium car- 
bonate in solution for recycling in the process. A 
plant was built at Hoyanger, Norway, about 1928 
to produce about 25 metric tons of alumina per day, 
and operated up to and during World War II. The 
iron present in the bauxite was reduced by carbon 
and sold as pig iron. 

One alkaline process developed by the American 
Nepheline Corporation was tried during World War 
II near Harleyville, South Carolina. In this process, 
clay was mixed with limestone and sintered in 
rotary kilns to produce calcium aluminate, and the 
sinter was leached with sodium carbonate solutions 
to produce a sodium aluminate solution. The sodium 
aluminate solution was then treated with CO, to 
precipitate the alumina as hydrate and reconvert 
the soda to sodium carbonate. The aluminum hydrate 
precipitate was calcined for use in the alumina 
industry, and the sodium carbonate solution was re- 
cycled in the process. 

Another alkaline process by the Monolith Mid- 
west Portland Cement Co. sintered anorthosite con- 
taining about 27 pct alumina and 3.6 pct Na.O with 
lime to produce calcium silicate and sodium alumi- 
nate. The sinter was to be leached with sodium 
carbonate solution to form sodium aluminate solu- 
tion. The alumina was precipitated by CO, and 
calcined to produce anhydrous alumina for the 
aluminum industry. The resulting sodium carbonate 
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solution was recycled in the process, and it was also 
proposed to use the calcium silicate residue con- 
taining some alumina in the cement industry. A 
plant for this purpose was built at Laramie, Wy- 
oming, during World War II but was not operated. 

The only alkaline furnace process for the produc- 
tion of alumina which is still in operation in this 
country is a modification of an old process for the 
treatment of bauxite and other materials containing 
alumina which had been tried many times. In this 
process, bauxite containing approximately 50 pct 
alumina and up to 15 pct silica is first treated by 
the American modification of the Bayer process, and 
the insoluble material, usually called red mud, is 
partially dewatered, mixed with limestone and soda 
ash, and sintered in rotary kilns. The sintered ma- 
terial is leached with water containing a little soda 
to produce a sodium aluminate solution. This sodium 
aluminate solution containing a higher ratio of 
alumina to soda than Bayer process solutions also 
contains enough silica to render the alumina pre- 
cipitate from it undesirable for use in the aluminum 
industry. For this reason, the solution from the 
sintering process is recycled to the Bayer. process 
part of the plant so as to precipitate the silica dur- 
ing Bayer process digestion of fresh bauxite. In this 
way, the solutions from the sinter process are mixed 
with the Bayer process solution, and the alumina 
from the combined process is washed and calcined 
for use in the aluminum industry. The reasons for 
treating the high silica bauxite by the Bayer process 
before sintering are that this greatly decreases the 
load on the sinter plant and avoids the use of a 
separate process for desilication of the solution as 
well as avoiding separate precipitation of the sinter 
solution by means of CO,. Sinter plants for the pro- 
cess were built at four Bayer process alumina plants 
during World War II, and the one at Hurricane 
Creek, Arkansas, is still in operation. This combined 
Bayer and sinter process served to conserve domestic 
bauxite deposits, and partially relieved the soda ash 
shortage during and after the war by recovering 
and returning to the process a large part of the soda 


which had been lost in the Bayer process due to 


silica in the bauxite. 

The combined Bayer and sinter process seems to 
be commercially profitable on high silica bauxite 
where the high silica bauxite is cheap enough to be 
competitive with low silica imported bauxite and 
where fuel is cheap and where the sinter plant 
already exists. It might not be profitable to build a 
new sinter plant for the purpose, especially when 
imported bauxite is plentiful. 


Commercial Production of Alumina 


While many processes have been devised for the 
production of pure aluminum oxide, the Bayer pro- 
cess is used predominantly and almost to the exclu- 
sion of the others. This process was originally de- 
veloped in Europe for application to European ores 


‘in which the alumina is mainly present as the mono- 


hydrate, boehmite. The ground bauxite, either with 
or without partial calcination, is treated with caustic 


soda solution containing approximately 350 g NaOH 


per liter at a temperature approximating adie ® 
(338°F) for 2 to 4 hr with a total heating time of 
4 to 8 hr so as to produce a solution of sodium 
aluminate with approximately 1.6 mol Na,O per mol 
AI1.O,. The solution is discharged from the autoclave 
or digestor, diluted to 150-170 g NaOH per liter, 


and the insoluble residue called red mud is sepa- 


rated by filtration or sedimentation or both. The 


mud is washed to remove as much of the soda as is 
practicable, and the clear solution is cooled to about 
60°C (140°F) and stirred with previously precipi- 
tated aluminum hydrate (mainly gibbsite) for three 
to five days to precipitate 50-60 pct of the alumina 
from the solution. The resulting precipitate of 
aluminum trihydrate (mainly gibbsite) is washed to 
remove soda and then calcined to produce anhydrous 
alumina, Al,O;, for the reduction process. The spent 
solution is concentrated by evaporation, caustic soda 
is added to replace losses, and it is then recycled to 
the autoclaves. 

When the production of alumina for the aluminum 
industry was started in the United States about 
1903, it was found that the alumina in American 
bauxite, mainly gibbsite, trihydrate, was more easily 
soluble than the monohydrate in European bauxite. 


“Therefore it was possible to work with less con- 


centrated caustic soda solutions and at somewhat 
lower temperatures. Since the solubility of alumina 
in caustic soda increases with the caustic concentra- 
tion and also with increasing temperatures, it is 
possible to use a variety of combinations of soda 
concentrations and digestion temperatures. In what 
we now call the American Bayer process, soda ash 
is used as a source of the caustic soda, and it is found 
desirable to combine the lime and soda causticizing 
reaction with the alumina dissolving reaction in the 
same vessel. The American Bayer process was 
standardized so as to use a total soda concentration 
equivalent to 200-250 g Na.CO; per liter, and enough 
lime is added to the mixture of soda solution and 
bauxite to raise the total NaOH in the liquor to ap- 
proximately 113 g NaOH per liter equivalent to 150 
g Na.CO; per liter. The digestion temperature may 
vary from 280° to 290°F, and the time of digestion 
varies from one-half hour to one hour. Since the 
total soda in the solution is equivalent to 200-250 g 
Na.CO; per liter, this means that only 60-75 pct of 
the total alkali is in the form of caustic, and the re- 
mainder is carried in the solution as carbonate. Most 
plants in the United States today probably work 
with roughly 65 pct of the total alkali causticized to 
form NaOH. In the usual plant in the United States, 
the amount of soda converted to NaOH, including 
that combined with alumina, is called ‘‘caustic” or 
“free soda’ and is expressed as grams per liter 
Na,CO, equivalent. When an American alumina 
plant man speaks of a solution containing 240 g total 
soda per liter and 150 g free soda or caustic per 
liter, he means that of the 240 g per liter total alkali 
expressed as Na.CO,, 150 g per liter of this Na,CO; 
equivalent is in the form of caustic soda and sodium 
aluminate, and the NaOH plus sodium aluminate 
present is equivalent to about 113 g per liter NaOH, 
or about 62% pct of the total alkali present has 
been causticized. 

In the European Bayer process, the practical limit 
of caustic soda concentration is just below that 
concentration which, when nearly saturated with 
alumina, would be sufficient to salt out some of the 
alumina and some of the soda as a hydrated sodium 
aluminate. The caustic soda concentration and the 
temperature vary somewhat in different alumina 
plants, but in general the limit of concentration is 
a little short of that concentration which might salt 
out sodium aluminates at the lowest temperatures 
to which strong solutions may be subjected in cer- 
tain parts of the plant. 

In the American Bayer process, the practica] limit 
of caustic soda concentration is that which gives 
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fairly efficient use of the lime in causticizing with- 
out precipitating appreciable quantities of alumina 
as calcium aluminate. The limiting temperature of 
digestion is purely economic and varies somewhat 
in different plants. In general, the temperature and 
time of digestion should be just sufficient to get the 
proper amount of alumina into the solution and to 
precipitate any silica which may have gone into 
solution as a hydrated sodium aluminum silicate. 

In either modification of the Bayer process, the 
solution after digestion contains 1 mol Al,O,; to be- 
tween 1.6 and 1.8 mol free Na.O. In United States 
plants, the weight ratio, g Al,O, divided by g Na:CO,, 
is usually given instead of the mol ratio. Thus the 
ratio 1 mol Al,O, to 1.6 mol free Na,O corresponds 
to our ratio of 0.6 and 1 mol Al.O,; to 1.8 mol free 
Na.O corresponds to our ratio of 0.54 g Al,O; to 1 g 
free soda expressed as Na,CO; equivalent. 

In the American Bayer process, this does not 
represent the maximum solubility of Al,O, from an 
uncalcined gibbsite or trihydrate in the bauxite at 
digestion temperature but represents rather the 
maximum amount of alumina which can be carried 
in the solution without serious loss of alumina dur= 
ing separation of the mud by settling or filtration 
at or slightly below the boiling point of the solution 
at atmospheric pressure. Approximately the same 
thing may be said of European practice except per- 
haps in the case of European bauxite which. has 
been partly dehydrated by calcination before diges- 
tion. 

These ratios must be regulated carefully for 
maximum plant capacity without excessive loss of 
alumina. This is especially true since only about 
half of the alumina is precipitated before the solu- 
tion is recycled. 

In the Bayer process using either American prac- 
tice or European practice, the most harmful im- 
purity in the bauxite is silica, especially that which 
is combined in the form of clay minerals. This com- 
bined silica causes serious losses of both soda and 
alumina. Each pound of combined silica causes a 
loss of approximately one pound of alumina which 
might otherwise be extracted and also causes a loss 
of caustic soda approximately equivalent to one 
pound of sodium carbonate. For this reason, the 
value of bauxite for the Bayer process is calculated 

_on the basis of both alumina and silica. Bauxite high 
in aluminum hydrate and low in silica is regarded 
as a high grade bauxite while bauxite higher in 


silica and lower in alumina is considered as a lower © 


grade bauxite. Allowable percentages of silica in 
bauxite vary greatly, and severe price penalties are 
put on silica higher than 5 pct. 

The loss of soda and alumina is due to the forma= 
tion of a somewhat indefinite compound or group of 
compounds which are hydrous sodium aluminum 
silicates. There is some difference of opinion as to 
whether there is a definite compound or whether a 
part of the loss of soda and alumina is due to adsorp- 
tion on some of these hydrous sodium aluminum 
silicates. In any case, the chief loss of soda is due 
to silica in the bauxite, and as the silica in the 
bauxite increases, the amount of required make-up 
soda in the process increases rapidly. 

We might say that the fundamental difference 
between European Bayer practice and American 
Bayer practice lies in the fact that much higher 
caustic soda concentrations are used in Europe. 
Since these concentrations are above those which 
can be produced directly by causticizing sodium 


carbonate with lime, it is necessary in Europe either 
to use caustic soda to make up soda losses or to 
produce the caustic soda in a separate department 
of the plant and concentrate it by evaporation to 
the extent found desirable. The advantage of the 
original or European Bayer process is that it can. 
treat bauxite in which the alumina is either wholly 
or mainly in the less soluble monohydrate form 
called boehmite as well as trihydrate bauxites in 
which the alumina is more easily soluble. The other 
form of monohydrate known as diaspore is not suit- 
able for Bayer process treatment due to its low 
solubility in caustic soda solutions. 

Aside from the fundamental difference in caustic 
soda concentration between European and American 
practice, there are a number of differences in equip- 
ment and operation. Some of these differences are 
a result of the more fundamental difference in 
caustic soda concentration. Other differences are 
due to the difference in labor cost and to more com- 
plete mechanization due to the high cost of labor 
in the United States. Perhaps some of the differences 
are also due to tradition and to the fact that the 
plant practice followed different lines of develop- 
ment under conditions where there was little com- 
munication in regard to ideas developed in different 
countries. 

We think the American Bayer process is more 
economical for trihydrate bauxites because it re- 
quires less evaporation and because it is more easily 
adaptable to continuous digestion. American alumina 
plants originally used batch digestion and indirect 
heating by means of steam in coils. The digestor or 
autoclave received a batch of solution of suitable 
volume, and a weighed amount of bauxite was then 
put in together with the amount of lime required 
for causticizing and in some cases with an addition 
of soda ash to replace previous soda losses. 

Since the exact concentration of soda is not criti- 
cal, provided that it is not too high for efficient 
causticizing with lime, and since the steam coils be- 
came coated with scale, the coils were removed and 
heating was done by direct injection of steam. 

The next development was that of adding the re- 
quired amount of soda ash to the solution before it 
was pumped into the digestor. This batch digestion 
process as followed at that time involved opening 
a manhole or head on the top of the digestor to 
receive the charge of bauxite and lime from small 
cars on a track above the digestor. In order to elim- 
inate opening and closing the manhole and to elim- 
inate cars and tracks on the digestor floor, the next 
development was premixing of the batches by drop- 
ping the necessary bauxite and lime into a separate 
batch mixing tank and pumping the mixture to the 
digestion. Various changes were made in the method 
of handling, and it was seen that there would be a 
marked advantage and a saving of steam if the 
digestion could be made continuous so that the flow 
of steam from the blow-off would be uniform 
enough to make the use of heat exchangers more 
efficient. This resulted in a plan by which a small 
portion of a metered flow of solution was pumped 
into a mixing tank, and the bauxite and lime were 
weighed in small batches on a semi-automatic 
weighing machine and added to the mixing tank at — 
accurately timed intervals proportioned to the liquor 
flow so that the proper mixture was maintained at 
all times. The major portion of the solution was 
pumped through heat exchangers to the digestors. 
Thus there is a continuous flow of solution into the 
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mixing tank and a continuous flow out of the mixing 
tank to the digestor, and the amounts of bauxite 
and lime are proportioned to the metered flow of 
solution. By connecting a number of digestors in 
series with piping and valves and maintaining a 
uniform flow of a uniform mixture of bauxite and 
soda solution, it was possible to do the necessary 
heating by injecting steam continuously through 
thermostat-controlled valves into the first digestor 
in the series. The required time of digestion was 
secured by proportioning the flow of the slurry to 
the volume of the digestor series while maintaining 
a practically uniform pressure and temperature 
throughout the series of digestors. A common ar- 
rangement is six of these digestor tanks in a unit 
with usually five in operation at any one time. The 
steam piping is connected to the first and second in 
the series in the unit, but only one of these steamers 
is used at a time, this being the first one in operation 
in the series. This made it possible to control tem- 
peratures, pressures, and time of digestion and at 
the same time to blow the solution from the last one 
in the series at a uniform rate so that the evolution 
of steam due to reduction in pressure at the blow- 
off would be practically uniform. By releasing the 
pressure in two or three stages at decreasing pres- 
sures, the steam is used in a series of tubular heat 
exchangers at two or three different pressures and 
temperatures. By maintaining a continuous flow of 
solution through these heat exchangers counter- 
current to the steam flow, considerable economy in 
the use of steam was effected. 

In some of the more recent American alumina 
plants, the bauxite is ground wet in ball mills in 


closed circuit with Dorr classifiers. The bauxite is 


fed to the mills at a rate suitable for the metered 
flow of solution used. Only a part of the solution 
enters the grinding circuit, and the major portion 
is pumped through the heat exchangers where it is 
heated first with exhaust steam from the digestor 
blow-off and then with higher pressure steam so as 
to decrease the amount of steam to be injected in 
the digestors. 

The residue, called “red mud” regardless of its 
color, is allowed to settle in Dorr thickeners, and 
the overfiow liquor is clarified by filtration through 
cotton cloth in Kelly filters. 

The mud in the underflow from the primary thick- 
eners is washed usually in five or six compartment 
washing thickeners using five stages of counter- 
current decantation. 

Evaporation: Evaporation in the Bayer process is 
required to remove water equivalent to the amount 
of wash water used on the waste mud and on the 
aluminum hydrate except for a decrease due to 
addition of dry soda and some evaporation incidental 
to blow-off, etc. In the European Bayer process 
where the strong solutions used in the digestor are 
diluted with water before filtration or sedimenta- 
tion, this increases the amount of evaporation re- 
quired although the dilution water may be kept to 
a minimum by carrying out the precipitation step 
at the maximum concentration. Also in the case of 
European practice where the soda losses are made 
up by causticizing soda ash with lime in a separate 
department of the plant, any water introduced in 
the causticizing operation must also be evaporated. 
- The evaporation is usually done in multiple effect 
long tube vertical evaporators. Either all or a part 
of the solution returning to the digestors may be 
fed to the evaporators. Since the solubility of sodium 
carbonate decreases rapidly with increasing caustic 


concentration, the limiting concentration of the 
evaporator discharge in American practice is kept 
below that at which clogging or serious scaling of 
the tubes with sodium carbonate would occur. If the 
tubes do not become clogged, the sodium carbonate 
scale can be dissolved by changing the flow so that 
weaker solutions pass through the scaled tubes. In 
European plants using strong caustic, the solubility 
of sodium carbonate is so low that the percent of 
total soda causticized is kept at about 90 pct. Salting 
out evaporators are not commonly used in the in- 
dustry, one reason being that the salts do not tend 
to form crystals large enough to be separated easily. 
Under certain conditions, salting out may cause the 
solutions to gel. 

Bauxite which was discovered a few years ago in 
Haiti appears to be a mixture of monohydrate and 


trihydrate and appears to be intermediate in solu- 


bility between the bauxite found on the American 
continents and that found in Europe. Bauxite in 
Jamaica in general seems to contain somewhat less 
monohydrate and somewhat more trihydrate than 
in Haiti, and there are some orebodies in Jamaica 
which seem to be almost entirely trihydrate. If a 
new plant were designed to operate on the general 
run of bauxite from these two islands, it might be 
advisable to use caustic soda concentrations inter- 
mediate between typical American practice and 
typical European practice. The choice of the soda 
concentrations would necessarily be tied in to some 
extent with the choice of digestion temperature. 
Some of the orebodies in Jamaica are soluble enough 
so that they can be used efficiently and satisfactorily 
by the American Bayer process, and it is likely that 
these orebodies may be the first ones used in this 
country. 

Precipitation: Alumina precipitation in the Bayer 
process is carried out by cooling the solution and 
stirring it for a long time with previously precipi- 
tated aluminum hydrate. The amount of this hydrate 
used as “seed” may vary from 25-100 pct of the 
amount of alumina in the solution. The particle size 
may also vary widely. In typical-German plants, the 
precipitation is carried out at a concentration of ap- 
proximately 150 g per liter NaOH and approxi- 
mately 116 g per liter Al.O;. It is common practice 
to cool the liquor before precipitation to about 60°C 
(140°F) although in some cases in order to obtain 
finer particles to use for seed hydrate, the solution 
may be cooled to 40°C (104°F). The seed hydrate is 
then added, and the mixture is stirred continuously 
by wing-shaped paddles on a vertical shaft for from 
3 to 5 days in cylindrical flat-bottom tanks about 
6 m in diam and 16 m high, during which time the 
temperature decreases due to radiation and evapo- 
ration. Submerged airlifts have been tried experi- 
mentally in Europe in these tanks, and some opera- 
tors are of the opinion that they would be very sat- 
isfactory if the tanks had cone bottoms. 

In the American Bayer process precipitation, the 
solution contains initially 100-106 g NaOH per liter 
and approximately 80 g alumina per liter. It is com- 
monly cooled to 150°-160°F, the seed hydrate is 
added, and the mixture is stirred for something like 
45 hr by means of a submerged airlift in tanks ap- 
proximately 60 ft deep and 20 to 24 ft in diam with 
a cone bottom. Thus the American precipitator is 
for all practical purposes what is known in the 
mining industry as a pachuca tank. 

Regardless of what modification of the Bayer 
process is used, the aluminum hydrate precipitate 
must be washed thoroughly to reduce the amount 


TRANSACTIONS AIME, VOL. 188, APRIL 1950, JOURNAL OF METALS—665 


of soda in the alumina. It is then calcined in rotary 
kilns using either oil or gas as a fuel. Powdered 
coal such as is used in the cement industry is not 
used in the calcination because of the contamination 
of the resulting alumina with the coal ash. 

Various methods of particle size control are used 
in the precipitation. Low temperature of precipita- 
tion and high concentrations in the solution or 
large amounts of seed of very small particle size 
tend to reduce the particle size of the resulting 
product. In this country, the tendency is toward 
producing alumina particles not larger than approx- 
imately 100 mesh and with as little —325 mesh 
material as possible. Since the precipitate as orig- 
inally formed contains a considerable quantity of 
material finer than 325 mesh (44 microns), the hy- 
drate in this country is usually classified in water 
during the washing operation, and the finer frac- 
tion is returned to the precipitators as seed hydrate 
while the coarser fraction is calcined and used in 
the production of aluminum metal. 

Much of the alumina produced in Europe is finer 
than that produced in this country, and some of it 
is so fine that when once dispersed in the air, it 
settles very slowly. The dust losses, however, are 
not as great as might be imagined from the fineness 
of the material because the extremely fine particles 
tend to stick together and do not disperse readily 
in the air. In some European plants at the present 
time, there seems to be a tendency to revert to the 
very fine particle size formerly used. This is said 
by some operators to have an advantage in the 
electrolytic reduction but is open to question, and 
any disadvantages which one particle size may have 
over another may be largely overcome by slight 
changes in the operation of the reduction plant. 


Alumina Specifications 


There are no definite specifications for analysis 
or particle size of alumina for the industry as a 
whole. Each producing company strives to keep the 
impurities as low as possible consistent with low 
costs. Off grade alumina is sometimes segregated 
for use in production of certain alloys which may 
require the addition of Si, Fe, Mn, Cu, etc. As far 
as any definite specifications can be given for the 
industry in either this country or Europe, we might 
give the following: 


United States Europe 
Pet Pet 

SiOz <0.03 <0.10 
Fe2O3 <0.03 <0.10 
TiOe <0.002 <0.01 
NazO: <0.50 <0.50 
Loss on ignition <0.50 <0.50 

Varies widely with 

different companies 
+100 mesh 1.0 0.2 ; 
+200 mesh 60. - 12: 
+325 mesh 95. 37. 
—325 mesh 5. 63. or more 


Commercial Production of Metallic Aluminum 


The earliest methods of producing aluminum 
were by reduction of aluminum chloride with potas- 
sium amalgam or potassium, but this soon gave way 
to reduction by sodium. In 1886, Charles Martin 
Hall in the United States and Paul Heroult in 
France, working independently of each other, in- 
vented the electrolytic process which is the only 
one in use commercially today. Anhydrous alumi- 
num oxide of high purity is dissolved in molten 
cryolite, a double fluoride of sodium and aluminum. 
The solution of aluminum oxide in molten cryolite 


is electrolyzed in cells or pots of iron lined with 
carbon so that the carbon lining serves as the 
cathode. The anodes are also of carbon. The cryo- 
lite used as a solvent for alumina is either natural 
cryolite from the only commercial deposit known, 
that in Greenland, or synthetic cryolite which is . 
usually made from fluorspar and sulphuric acid to 
produce hydrofluoric acid, and aluminum hydrate as 
a source of alumina, and soda ash to furnish the 
sodium. 

Cryolite melts at a temperature of nearly 1000°C. 
As the alumina is dissolved up to approximately 
15 pct, the melting point of the mixture falls to 
something below 940°C. Further increase in the 
amount of alumina in solution causes a rapid rise in 
the melting point. In addition to cryolite, a small 
amount of fluorspar up to 10 pct may be used to 
reduce the melting point slightly. A small amount 
of aluminum fluoride is added to neutralize resid- 
ual Na,O present in the alumina and replace 
losses of fluorine. Sodium fluoride or soda ash may 
also be added in small amounts when necessary to 
control the pH and the melting point. The cell for 
the electrolytic production of aluminum consists of 
a strong steel box usually rectangular in shape, 
provided with a carbon lining 6 to 10 in. or more in 
thickness. The size of the cell and the size of the 
electrolyte cavity vary, depending on the number 
of amperes to be used in the cell. The smallest com- 
mercial cell probably does not go below 8000 amp 
and on general principles, the more current that 
can be used in a cell, the lower the cost of produc- 
ing a pound of aluminum. Many cells were built 
for 30,000 amp but the size has been increased to 
take as much as 50,000 or 60,000 amp in more recent 
plants, and a few cells have been built for as much 
as 100,000 amp. 

The carbon lining of the cell is made from a mix- 
ture of coke, crushed to suitable sizes, with tar and 
pitch. This mixture is either rammed and baked in 
place, or a large portion of the lining may be built 
up of previously baked carbon blocks with the joints 
between the blocks filled with a mixture of carbon 
and pitch. ; 


The carbon anodes are made from a mixture of 
high grade coke, usually petroleum coke or pitch 
coke very low in ash with pitch and tar. The anodes 
may be either pre-formed in blocks in a hydraulic 
press and then baked, or a continuous self-baking 
anode may be used. In the case of the Soderberg 
continuous electrode, a similar mixture but with 
somewhat more tar is put into a mantle or mold 
directly above the cell. The electrode mix at the 
lower end is gradually baked by the heat of the cell 
as well as by the current passing through the partly 
baked mix, and is fed gradually into the cell where 
it is consumed at the bottom in the electrolyte dur- 
ing electrolysis. 

The older continuous Soderberg anodes received 
the current through iron pins inserted through the 
side of the upper part of the anode mix before 
baking. As the anode moves downward, the pins 
in the baked zone are connected to the bus bars. 


- As they move farther down, these pins are discon- 


nected and pulled out before coming in contact with 
the electrolyte, and the bus bars are connected to 
the next row of pins above. 

A later development by the same company uses 
larger and longer vertical contact pins which are 
connected to the bus bars above the continuous 
electrode and extend downward through the paste 
anode mix into the baked portion below. As the 
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anode moves downward and burns off at the bot- 
tom in the electrolytic bath, the pins move with it. 
When the lower end of a pin is within a few inches 
of the bottom, it is pulled out by twisting and 
raising it. A small amount of anode paste is then 
put into the hole, and the pin is lowered to a posi- 
tion 6 to 12 in. above its former position. Advan- 
tages are claimed for the vertical contact pins, but 
the question still seems somewhat controversial. 
There still remains some difference of opinion also 
as to whether prebaked anodes or continuous self- 
baking anodes are better when everything is con- 
sidered. 

Each cell may take anywhere from 8000 to 60,000 
amp or in special cases 100,000 amp, according to 
the size of the cell, at a voltage per cell, including 
bus bar losses of 4% to 6% v, depending on the 
design of the circuit and the cell, age of cell, anode- 
cathode distance, and other factors. Since it is not 
economical to generate electricity at such low volt- 
ages, a number of cells anywhere from 30 to 100 
or more are connected in a line or series. The line 
current may be supplied by direct current generat- 
ors, rotary converters, or rectifiers. The tendency 
in the last few years has been to go to rectifiers. 
The power required per pound of aluminum varies 
with various factors, including the anode-cathode 
distance and the care with which the cell is op- 
erated. Possibly 10 kw-hr per lb of metal may be 
the average overall consumption of power, includ- 
ing line losses and accessories, although the power 
actually used in the cell may be 8 kw-hr per lb or 
slightly less under the best conditions. The con- 


sumption of carbon anodes varies a great deal with. 


Note on Surface Diffusion in 


the quality of the anodes and the other conditions 
but in general may be from 6/10 to 7/10 of a Ib per 
lb of aluminum. 

The electrolytic cell works more efficiently when 
the carbon bottom is covered with a layer of alumi- 
num. The reasons for this are somewhat controver- 
sial, but it appears that a bare carbon cathode 
causes the production of somewhat more sodium 
by electrolysis than a cathode covered with molten 
aluminum. In practice, the current efficiency may 
vary between 75 and 95 pct. Under good operating 
conditions, it usually runs in the high 80’s. 

The molten aluminum may. be drawn out by tap- 
ping through the end of the cell, but in present 
practice it is usually drawn out into a crucible 
through an iron pipe dipped into the cell with one 
open end below the surface of the molten metal. 


“This may be done by direct suction or by means of 


a siphon in which a partial vacuum is used to start 
the siphon. In this case, the discharge end of the 
Pipe is below the surface of molten metal or molten’ 
bath in the crucible. The metal in the crucible is 
then skimmed to remove excessive bath material 
with some oxidized metal. In some cases, the 
molten metal is fluxed in the crucible with nitro- 
gen or chlorine gas, either with or without small 
quantities of aluminum fluoride or other suitable 
flux. 

The metal, either fluxed or not, may then be 
poured into iron molds to produce pigs weighing 
approximately 50 lb each, or it may be transferred 
to a holding furnace, or transferred molten to other 
furnaces from which, after suitable conditioning or 
alloying, it may be drawn out for casting into roll- 
ing ingots. 


Sintering of Metallic Particles 


N a recent paper Kuczynski’ studied the rate at 
which the crack between a metallic plane and a 
spherical particle of the same material is filled up 
gradually when heated at temperatures near the 
melting point. If x is the radius of contact between 
plane and sphere (fig. 1), Kuczynski shows experi- 
mentally that 
a ee [1] 


where t is the time. Assuming that the mechanism 
of transport of matter is the volume diffusion of 
vacant lattice sites, he is also able to prove Eq 1 
theoretically. The constant A contains as a factor 
_the self-diffusion coefficient of the metal and he 
shows that the values for this coefficient deduced 
from his experiments yield the same activation 
energy as that calculated by other methods, which 
is a confirmation of this point of view. 

Kuczynski has also considered theoretically the 
law of growth of x which would be expected if sur- 
face diffusion were the important mechanism. He 
suggests that x should then obey a law of the form 
x’ — At, and claims to be able to decide the mecha- 
nism involved from the observed law of growth. 
The purpose of this note is to prove this incorrect. 


by N. Cabrera 


On the contrary, when the mechanism is surface 
diffusion Eq 1 is also obeyed, but with a different 
constant A. 

Following Kuczynski, we suppose the bottom of 
the crack (surface AA) to have an average radius of 
curvature p. As a result of this curvature the con- 
centration of adsorbed atoms in this surface, n(p) 
per cm’, will be smaller, and the concentration of 
vacant lattice sites in the neighborhood, N(p) per 
cm*, will be larger than the corresponding concen- 
trations, n(co) and N(co), for a flat surface. For all 
practical cases we can write Thomson’s formula in 
the form oe 


n(o)—n(p) 
n(co) 


N(p)—N(o) 20a? 


N(o) Tela [2] 


where o is the surface energy of the metal and a 
the interatomic distance. 

1. Let us now consider the mechanism of surface 
diffusion. We suppose the concentration of ad- 
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Fig. 1— 
Schematical 
representation 
of the cross- 
section of a 
spherical 
particle 
sintered toa 
metallic block. 


sorbed atoms n(p) to be maintained at the bottom 
of the crack (AA). As we move towards the flat 
surfaces BA, the concentration will steadily rise 
towards the equilibrium value n(o) and there will 
be a surface current of adsorbed atoms passing any 
point y given by 


=i =, 
da cm™ sec”, 
where D, is the coefficient of surface-diffusion for 
adsorbed atoms, and y is measured from the points 
A. On the other hand, as soon as the concentration 
n is decreased with respect to the equilibrium value, 
new adsorbed atoms are formed either by condensa- 
tion from the vapor, or by evaporation into the 
surface from kinks’ existing in the surface. The 
rate at which the equilibrium tends to be re- 
established is 

n(co)—n 
ts : 


where ft, is a relaxation time. In this case the steady 
distribution of concentration as a function of y will 
obey the continuity equation 


n(co)—n 


Us 
[3] 


dj n(c)—n d? aa 
. == Bape ie ay [n(co)—n] = 


where 


yy: = (D, t; \r ’ 
is a characteristic length for the surface. The solu- 
tion of Eq 3 is clearly 


2ca 


n(co) —n= kT p n(o) exp (==) [4] 


where use has been made of Eq 2. The current of 
adsorbed atoms going through A(y=0) per sec 
per cm is 


Ane, is ce 


J. = a Fe a ese, [5] 


The product n(o)D, can be written as 
n(0)D,=vexp-(%st70)/* [6] 


where » is the atomic frequency (v~10” sec"), W, 
the energy of formation of an adsorbed atom from 
the crystal, and U, the activation energy for diffu- 
sion. The characteristic length y, is difficult to 
evaluate, but the order of magnitude is 10?-10°a and 
it increases exponentially as the temperature de- 
creases. 

2. We consider now the volume diffusion of va- 
cant lattice points. The steady distribution of con- 
centration will now obey the ordinary Laplace 
equation and not a Poisson’s equation such as Eq 3. 
The boundary conditions will be N = N(p) near the 
bottom of the cracks (AA) and N = N(y) near the 
practically flat surfaces AB, N(y) being the con- 


centration of vacant lattice sites in equilibrium 
with the surface concentration n(y) given by Eq. 4. 
The problem of course is very difficult, but pro- 
vided x is small compared with the radius r of the 
sphere (fig. 1), it is probably a reasonable approxi- 
mation to treat the problem as one with cylindrical 
symmetry around the cylinder of radius p. The 
number of vacant lattice points going away from 
AA, per sec per cm of the axis of the cylinder, is 
clearly 


; DIN(p) —N(#)]__5 oa° 1 aN(o)D 
ah —— Dk EY oat 
ea, KE op. 
p p 


where D is the diffusion coefficient for vacant lattice 
sites, and we have used Eq 2. The radius R is the 
distance at which N—N(oo) and for our purposes 
it can be taken to be of the order of r. The quantity 
aN(o)D can be written as 


aN(o)D=vexp CO" [8] 


where W + U is now the activation energy for self- 
diffusion. 

3. It is clear from Eq 7 and 5 that both formulas 
have the same dependency on p, and therefore they 
must give the same law for the rate of filling up the 
cracks. In fact using the equations 


one obtains easily Kuczynski’s Eq 1, in the form 


(5)'=* 
G 


oa” GUNea ee 
As [ 160 7 (=) lz D,n (2), [9] 
807 oa? GaN 
hese lat (2) | aDN (0) 
p 


The temperature independent factors in A, and A, 
are essentially the same. On the other hand, the 
activation energy for self-diffusion W + U appear- 
ing in Eq 8 is not necessarily bigger than the activa- 
tion energy appearing in (a/y,)D,n(), especially 
if one takes into account a probable exponential 
factor coming from a/y, which is difficult to evalu- 
ate. Kuczynski’s experimental results seem to prove 
that A,>>A,, in any case for large values of r. 

4. Kuczynski also studied the behavior of small 
particles (smaller than 40 » diam). In this case he 
obtained, especially at low temperatures, deviations 
from the Eq 1. In one case the experiments seem to 
suggest a law of the type x’=— At. On the other 
hand the activation energy which he deduces from 


’ the study of the constant A as a function of tem- 


perature coincides with that obtained for bigger 
particles. It is probably necessary to have more ex- 
perimental information in order to decide whether 
a law different from Eq 1 is valid for small particles. 
From the theoretical point of view we can not ex- 
pect the rather simple preceding calculations to be 
valid for small particles, in particular the derivation 
of the volume diffusion term should require a more 
careful study. 
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Water Sealed Wind Boxes 


for Dwight and Lloyd Sintering Machine 


by E. McL. Tittmann and E. A. Hase 


_ Double roasting of sinter carrying a high percentage of lead concentrates, gave 
rise to the problem of removing the sheets of metallic lead formed in the wind boxes. 


The solution of the problem has been found in the water sealed wind boxes. The 


metallic lead is granulated and can be removed without seriously interfering with 
the operation of the machine and eliminates necessity of men going in wind boxes 
with air guns. 


HE practice of double sintering the charge for 
lead blast furnaces, which is now standard 
throughout the lead smelting industry, has intro- 
duced the rather difficult problem of cleaning the 
wind boxes on sintering machines used for the final 
pass. Two factors have more recently accentuated 
this problem: (1) the growing demand of workmen 
for better working conditions and less arduous labor, 
and (2) the growing dearth of crude lead ores and 
the improved grade of lead concentrates demand a 
charge carrying the maximum percentage of lead. 
‘One to 2 pct of such high lead charges (30 to 40) 
when processed on machines in reasonably good 
condition will pass through the grates and report 
in the wind boxes. One-half to three-quarters of 
this material will be metallic lead reduced by the 
coke breeze or other fuel mixed with the charge. 
This lead forms large cakes or chunks which are 
hard to remove and which substantially increase 
the time the machine is out of operation for clean- 
ing the wind boxes. A high lead fall can reduce the 
operating time 30 pct. As a specific example, a 30 ft 
machine having 63 in. pallets, and equipped with 
three conventional wind boxes, requires 3 to 4 hr 
per day for removing the accumulation in the wind 
boxes when operated as a final pass machine. This 
same machine when operated on raw charge re- 
quires less than an hour per day for cleaning. 
To eliminate formation of large chunks of lead in 
the wind boxes of the final pass machines and time 
lost in cleaning the boxes, R. C. Rutherford of the 


Chihuahua smelter of the American Smelting and 
Refining Co., devised and patented* a wind box 


* U.S. Patent No. 1,954,951 


having a water bath to granulate the lead as it falls 
from the grate bars. Later, C. H. Harris of the San 
Luis plant made and patented? an improvement on 


7 U.S. Patent No. 2,348,294 


Rutherford’s device in which the water bath seals 
the wind box in a manner permitting the latter to 
be readily cleaned without destroying the vacuum. 
The first machine to our knowledge to use the water 
bath box was at the Chihuahua plant along the lines 
of the Rutherford patent. In 1942, a machine was 
placed in operation at the El Paso plant which in- 
corporated the features of both Rutherford and 
Harris. 

This machine is 40 ft long equipped with pallets 
63 x 24 in., and having 4 wind boxes 10 ft 4 in. x 7 ft 
2 in. x 51 ft 3 in. in size (fig. 1). The air from the 
fourth box is returned to the first three, and the gas 
from the first three discharged to a baghouse. The 
machine has conventional drive, discharge hopper, 
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Fig. 1—Longitudinal section through No. 6 D and L machine. 


feed hopper, and feeders (fig. 2). The salient fea- 
tures of this design are: (1) vertical ends and sides 
to below the water lines which prevent metallic lead 
from the grates building up on these machines; (2) 
a rounded bottom to allow for easy removal of the 
cleanings; (3) a clean-out opening sealed by the bath 
10 ft 4 in. x 2 ft 8 in. to allow removal of the clean- 
ings without destroying the vacuum in the box. Two 
baffles or splash plates, one 12 in. above and the 
other flush with the bath, run the entire length of 
the box. These plates are spaced equidistant from 
the sides and effectively prevent water from being 
sucked into the bustlepipe. With a vacuum of 11 in. 
of water there is sufficient free board to prevent 
water from spilling from the discharge openings 
should the fan be stopped for any reason. 

Wind box cleanings are shoveled from the bos: 
into a hopper directly below. This hopper in turn 
discharges to a car which is transported by a hft 
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Fig. 2—Cross section through windbox. No. 6 machine. 


truck to either the raw sinter charge or to the blast 
furnace direct. 

The wind boxes each hold 3500 gal of water. Fifty 
gal are evaporated every 24 hr. To clean the box 
and splash plates properly the box is drained every 
24 hr with the exception of the first box, which is 
drained every other day. Frequent changing of the 
water also keeps acidity low preventing damage to 
the steel. No soluble salts are produced in any quan- 
tity. Wind box water after 24 hr analyzes as follows: 
copper 0, lead 0, and iron 0.6 pct. 

The boxes are cleaned once every 24 hr. This re- 
quires 45 min compared to 4 hr on a machine of the 
same size if equipped with conventional wind boxes. 
The machine is out of service only while changing 
the water in the first box. Under favorable condi- 
tions the machine can be operated at reduced speed 
while each of the last three boxes is being cleaned. 
All the material possible is removed without lower- 

ing the water. The box is drained to clean the 
splash plates and the bottom area along the side 
opposite the clean-out opening. Since the ma- 
chine is capable of finishing 800 tons of sinter 
per day the increased capacity because of using 
water sealed boxes is therefore in the neighbor- 
hood of 100 tons per day. 

On the present charge, 20 pct lead, the four 
boxes are producing 16 tons per day. Six tons of 
this goes direct to the furnace and 10 tons back 
to the raw sinter charge. On a higher lead charge 
cleanings from the last three boxes would go 
direct to the furnace. ; 

Gas leaving the first three boxes contains 3.5 
pet sulphur dioxide. Gas from the fourth box 
contains 2.0 pct. Only a trace of sulphur trioxide 
is present. After 48 hr water in the first box con- 
tains 0.3 pet acid, probably a mixture of sul- 
phuric and sulphurous acid. 

In May 1947, boxes Nos. 1 and 4 were re- 
newed. Box No. 1 was made of stainless steel 
18/8 Type 316 S M O with Cb, and No. 4 of 7 
pet chrome steel. In Feb. 1949, the machine was 
overhauled and the two alloy steel boxes found 
in good condition. At that time boxes Nos. 1 and 
2 were replaced with stainless steel. All splash 
plates were renewed with stainless steel. 

While the added first cost of water sealed 
wind boxes would probably not be justified for 
first over machines or for sintering low lead 
charges this type of wind box has proved quite 


successful for second over or final pass machines _ : : 
at El Paso, and has come up to all expectations. . a 
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Composition of Atmospheres Inert to Heated Carbon Steel 


by R. W. Gurry 


In a series of charts this paper presents the composition of all gas mixtures 
composed of the elements carbon, hydrogen, oxygen and nitrogen, which at tempera- 


Ul 


tures from 1000° to 1800°F are in equilibrium with (1) austenite of various carbon 
contents, (2) iron and iron carbide, (3) graphite, (4) iron and its oxide. 


HIS paper presents the results of calculations 


made to determine the proportions of CO, CO., 


CH., H., H.O and N, in gas mixtures which, at tem- 
peratures from 1000° to 1800°F, satisfy, individu- 
ally, the following conditions: (1) equilibrium 
with carbon steel of specified carbon content 
throughout the stable y iron region; (2) equilibrium 
with iron and iron carbide, both above and below 
the eutectoid temperature; (3) equilibrium with 
graphite; (4) equilibrium with iron and its oxide. 
From these data a new type of chart has been pre- 
pared which permits one to determine, from a 
room-temperature analysis of the furnace gas in 
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question, the effect of the gas upon the steel at 
furnace temperature. Thus a guide is provided as 
to the carbon content which will result and as to 
the possibility of oxidation or sooting. 

_-All of the atmospheres commonly used in the 
commercial heat treatment of steel are composed of 
some or all of the simple constituents CO, CO., CH,, 
H., H.O and N., and also in some cases oxygen or 
higher hydrocarbons. As the gas mixture is heated 
certain alterations in the proportions of the con- 
stituents take place, and at the temperature of the 
furnace the composition is, in general, not at all 
that of the entering gas. If equilibrium in the gas 
phase is presumed a calculation involving the use 
of certain fundamental data predicts for a certain 
temperature the carburizing, decarburizing, or soot- 
ing characteristics of a given atmosphere, and, upon 
the additional assumption of equilibrium between 


gas and metal, also the oxidizing ability of the gas 
and the ultimate carbon content of the steel. The 
extent to which these predictions are fulfilled will 
depend upon how closely the assumptions of equilib- 
rium are realized in any particular case. Although 
at lower temperatures equilibrium is often not 
reached, there is considerable evidence indicating 
that above about 1000°F the approach to equilib- 
rium in the gas phase is generally substantially 
complete, particularly in the vicinity of the steel 
which acts as a powerful catalyst in promoting re- 
actions in the gas phase. The extent of the gas- 
metal reactions is commonly affected essentially by 
the sojourn at temperature; equilibrium with re- 
spect to carbon, for example, is accomplished simply 
by continuing the treatment long enough. However 
close the approximation of equilibrium may be in 
any instance, the above mentioned calculation in- 
dicates the condition of the steel at equilibrium, 
and at the present time this is the only basis of 
control of a furnace atmosphere. 

The effect at elevated temperature of a gas of a 
certain composition at room temperature upon a 
given steel has customarily been judged by first 
calculating from gas equilibrium constants the pro- 
portions of the gas constituents at the temperature 
of the steel, then comparing certain of these with 
the proportions known to be in carbon or oxygen 
equilibrium. This process is tedious and time-con- 


suming, in particular because the calculation gen- 


erally involves a series of successive approxima- 
tions; and since some knowledge and familiarity 
with this type of computation are required, not 
everyone needing the information has been, in the 
past, in a position to obtain it. 

By making a series of equilibrium calculations, 
combining with fundamental data for gas-metal 
reactions, and plotting the results in a special way, 
a chart has been prepared which enables anyone 
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. Use of the Charts : 

The charts show, on a new type of plot, the gas 
composition at carbon equilibrium with plain carbon 
steel and also at equilibrium with oxide. By com- 
parison one can tell directly whether an atmos- 
phere of a given composition is carburizing or de- 
carburizing, oxidizing or reducing, to a given steel 
at_ a given temperature, and also whether it is 
capable of depositing soot. The method of plotting 


_ was designed to give this information quickly and 


easily; it does not, however, give the molecular 
constitution of the equilibrated gas at temperature. 

As an example, suppose it is desired to find the 
effect of the gas in a certain furnace upon a given 
carbon steel. The gas composition to be used 
should be representative of the atmosphere in 
actual contact with the steel and is best obtained 
by inserting a tube into the furnace during opera- 
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tion and extracting a sample from the vicinity of 
_ the work. Another good procedure is to take sam- 
ples from both the furnace inlet and outlet and 
carry through the calculation indicated below which 
will convert each analysis to a point on a chart; if 
the two points are nearly coincident they may be 
assumed to represent the gas in contact with the 
steel providing there are no “dead”, or isolated, 
zones in the furnace. If the two analyses taken from 
a purged properly designed furnace do not agree 
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f rubber tubing leading to the sampling bulb, for tained, its effect upon a given steel at a given 
xample, are to be avoided since rubber absorbs a temperature is indicated by proceeding as follows. ; 
onsiderable quantity of carbon dioxide. Also the Convert the volume percentage of each constituent - 
yater vapor content must be included in the analy- to the molecular partial pressure by dividing by 100. 


s, and, in the measurement of the dew point, If water content is given as dew point, this must 
ondensation of water in the line must be prevented. first be converted to volume percentage by use of 
Once a satisfactory gas analysis has been ob- a table. The molecular partial pressure in atmos- 
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pheres is denoted by enclosing the Symbol for the N= 2fy = (CO) (CO,) (CH,) 
. . Sey pirg Be aaa = aes H, es 2 
constituent in parentheses thus: (CO), (CO.), ete. If oxygen or hydrocarbons other ae a oe 


Calculate the “atomic partial ressure” of car 1 i ae 
oxygen, hydrogen, and nie C, OH Ny i ile the ingoing ‘ghmce femperatur a 
using the following relations: Ry ae Should be added. For Oxygen the term a 2(0,) 
Ce (C0) 2% CO.) + (CH) should be added to the expression for O and —(0,) 
O= (CO) + 2(CO,) + (HO) inside the bracket to that for N ; for ethane ( C.H,), 
H = 2(H,) + 2(H,O) + 4(CH,) add + 2(C.H,) to the expression for C, + 6(C.H,) 
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Fig. 1—Lines 


represent gas 
compositions in 
equilibrium with 
the several solid 


phases at 1200°F. 
Point P is the composition 
of a furnace atmosphere 
which, with N/S = 1.67, is 


HES 
decarburizing, nonoxidizing 
and nonsooting. 


to that for H, and —(C.H,) inside the bracket to 
that for N. 


Add c + O + H, designating the sum S, and 
divide c ©; ‘and N, in turn by S. The resulting 
quantities c/s, O/S and N/S, called the atomic 
fractions, are the quantities shown on the charts, 
C/S and O/S as abscissa and ordinate and N/S at 
chosen increments. 

If the point for the ratios C/S and O/S just ob- 
tained plots above and to the left of the curve for 
the desired carbon content on the chart pertaining 


to the appropriate temperature and to the N/S value 


just obtained (the C/S is less than that which is in 
equilibrium) the atmosphere is decarburizing to 
the steel; if it plots to the right and below this 
curve, the atmosphere is carburizing. Comparison 
at intermediate temperature, carbon content, or N/S 
value is obtained by interpolation. In a general way, 
the farther the point is from the line the greater 
will be the carburizing or decarburizing tendency. 
If, in addition, it is desired to know whether the 
given atmosphere tends to oxidize the steel at the 
temperature, the point corresponding to the at- 
mosphere’s composition is compared with the ap- 
propriate line denoting equilibrium with oxide. If 
it falls to the right and below this line (the O/S is 
less than that which is in equilibrium) the steel will 
not be scaled. 

An example will illustrate the necessary calcula- 
tion and the use of the charts. Suppose it is de- 
sired to know the characteristics at 1200°F of a gas 
of the following analysis: — 


Volume Pct Partial pressure (atm.) 
Hs 15.0 0.150 
CO 10.0 0.100 
CO; 5.0 0.050 
ig) 3.0(D.-P. 76 F) 0.030 
CH 1.0 0.010 


Then: 

Cc = (CO) + (CO,) + (CH,) = 0.100 + 0.050 + 0.010 
== 0160, 2 

O = (CO) + 2(CO,) + (H,O) — 

= 0.100 + 2(0.050) + 0.030 = 0.230 

H = 2(H,) + 2(H,0) + 4(CH,) 

= 2(0.150) + 2(0.030) + 4(0.010) = 0.400 


| 

Se a WITH Fe AND Fe,¢ 
GRAPHITE 

"0 Fa AND FeO 


N = 2[1—(CO) — (CO,) — (CH,) — (H,O) ] 
= 2[1— 0.100 — 0.050 — 0.010 — 0.150 — 0.030] = 1.320 
andS=C+0O+4 H = 0.160 + 0.230 + 0.400 — 0.790 


So that C/S = 0.160/0.790 = 0.202 
O/S = 0.230/0.790 = 0.291 
N/S = 1.320/0.790 = 1.67 


These three values C/S = 0.202, O/S = 0.291, 
and N/S = 1.67, represent the composition of the 
gas in terms of the variables used in the charts. In 
fig. 1, which is taken from chart 2, are shown curves 
depicting the gas composition in equilibrium with 
the several solid phases at 1200°F. In fig. 1, as in 
charts 1 to 5, a separate abscissa scale is provided 
for each N/S increment shown; the ordinate scale 
at the left pertains to all N/S ratios. Only the 
curves for N/S values of 1 and 4 are shown, these 
falling on both sides of the N/S of the atmosphere 
under consideration. The point P on each part of 
the figure represents the C/S and O/S ratios of this 
atmosphere. Since on both parts P lies to the left 
of the solid curve denoting equilibrium with iron 
carbide the atmosphere has C/S ratio lower than 
that which is in equilibrium with carbide and is 
therefore decarburizing. Similarly from reference 
to the dashed curves it is seen that the atmosphere 
will not deposit soot since, although P indicates 
equilibrium with graphite at N/S = 1, it is defi- 
nitely to the left of the graphite equilibrium curve 
at N/S = 4. Ability of a gas to deposit graphite is 
taken for simplicity as the criterion of its ability to 
deposit soot, although, strictly speaking, soot, or 
any other form of carbon, is deposited only at a 
somewhat higher (but indefinite) activity of carbon. 

Tendency of a gas to oxidize is judged by com- 
parison with the dotted curves representing equilib- 
rium with oxide. Since point P lies below the. 
dotted curve in both parts of fig. 1 the O/S ratio of 
the atmosphere is less than the O/S ratio for 
equilibrium with oxide and the atmosphere is classi- 
fied as reducing. At another temperature the ten- 
dencies of the atmosphere will be different. This 
is indicated by a shifting of the equilibrium curves, 
the point representing the gas composition remain- 
ing constant. 

It will be observed that at 1400° and 1600°F the 
oxidation equilibrium considered is that between a 
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Table IA. Activity of Carbon in y —Iron at Round 
Carbon Concentration and Temperature 


oF 1400 1500 | 1600 | 1700 | 1800] 1900 | 2000 
ee: 760 816 871 927 982 | 1038 | 1093 
Wt Pct C 

0.05 0.027 | 0.022 | 0.018 | 0.015 
0.1 0.067 | 0.055 | 0.045 | 0.037 | 0.031 
0.2 0.139 | 0.133 | 0.093 | 0.078 | 0.065 
0.3 0.269 | 0.215 | 0.175 | 0.144 | 0.120 | 0.101 
0.4 0.369 | 0.295 | 0.240 | 0.198 | 0.165 | 0.138 
0.5 0.477 | 0.382 | 0.311 | 0.257 | 0.213 | 0.179 
0.6 0.756 0.591 | 0.473 | 0.385 | 0.318 | 0.264 | 0.222 
0.7 0.911 0.711 | 0.569 | 0.464 | 0.383 | 0.318 | 0.267 
0.8 1.074 0.839 | 0.671 | 0.547 | 0.451 | 0.375 | 0.315 
0.9 0.977 | 0.782 | 0.637 | 0.525 | 0.437 | 0.367 
1.0 1.119 | 0.895 | 0.729 | 0.602 | 0.500 | 0.420 
te 1.018- | 0.829 | 0.684 | 0.569 | 0.477 
1.2 0.936 | 0.773 | 0.642 | 0.539 
63 1.044 | 6.862 | 0.716 | 0.601 
1.4 0.961 | 0.798 | 0.670 
15 1.062 | 0.883 | 0.741 
1.6 0.973 | 0.816 
1:7 0.898 
1.8 0.980 


Table IB. Carbon Content and Activity in y —Iron in Equilibrium 
with « —Iron, Graphite or Iron Carbide at Round Temperature 


Only five charts corresponding to the temperatures 
1000°, 1200°, 1400°, 1600° and 1800°F are pre- 
sented here; and each of these contains information 
only at N/S ratios of 0, 1, 4 and o. A set of large 
folding charts, including also those for the tempera- 
tures 800°, 1100°, 1300°, 1500° and 1700°F and 
including the additional N/S increments of 0.5, 2, 8 
and 16, has been prepared and is available on 
request.* 


* Address: Research Laboratory, U. S. Steel Corp. of Delaware, 
Kearny, N. 


The Basis of Control of a Furnace Atmosphere 


A controlled atmosphere as supplied to a furnace 
used for the heat treatment of steel generally con- 
sists of some or all of the constituents carbon 
monoxide (CO), carbon dioxide (CO,), methane 
(CH,), hydrogen (H.), water vapor (H.O), nitrogen 
(N.), oxygen (O.) and higher hydrocarbons. All 
the constituents except nitrogen tend to be either 
oxidizing or reducing and in addition 
either carburizing or decarburizing. Nitro- 
gen we consider to be neutral, and regard 
as affecting the steel only as its pressure 
alters the partial pressure of the active 


°F 1333 1400 1500 1690 1700 1800 
7e 723 760 816 871 927 982 
Equilibrium (Pct C} 0.800 0.520 | 0.248 0.082 
with a-iron (de 1.29 0.640 | 0.219 | 0.055 
Equilibrium | (Pct C|0.650* | 0.754 | 0.917 | 1.084 | 1.260 | 1.439 
with graphite | (de a! i 1 1 a 1 
Equilibrium | (Pct C| 0.800 0.894 | 1.039 | 1.186 | 1.342 | 1.502 
with iron (de 1.29 1.24 1.18 RS 1.09 1.06 
carbide 


1900 

1038 

1.628 
‘L 


1.677 
1.05 


ane constituents. When the atmosphere is 
heated the proportions of the active con- 
stituents are altered in accord with a 
eet number of chemical reactions which pro- 
Q ceed in one direction or the other. For 
1.865 example, the percentage of oxygen or of 
1.04 higher hydrocarbons is reduced to sub- 
stantially zero. If final equilibrium is pre- 


* Extrapolated. 


sumed the proportion of each constituent 


iron and Wistite (‘FeO’) although the form of 
iron of primary interest at these temperatures is y 
iron. The reason for this is that in the process of 
scaling a y iron-carbon alloy at these temperatures, 
carbon is first removed and the surface converted 
to a iron. Thus the reaction considered is justified; 
in fact, it is the only one for which equilibrium 
- data can be obtained. 

It will be observed that a single set of values of 
C/S, O/S and N/S, corresponding to a single point 
on a chart, represents an infinitude of different 
molecular compositions. One might infer from this 
that the molecular constitution of the gas supplied 
to a furnace does matter as long as the atomic 
composition of the mixture, as indicated by the 
charts, is right. This inference, of course, is not 
correct. The rates of the various reactions involved 
in the equilibration of a gas mixture differ; and in 
one particular case, that of sooting, a substance is 
produced which is taken up again only slowly dur- 
ing the further approach to equilibrium. It is gen- 
erally desirable to supply to the furnace a gas of 
a composition as near as possible to that at equilib- 
rium at temperature. It is the purpose of the gas 
converter to supply such a controlled atmosphere. 

If equilibrium is not attained the indications af- 
- forded by the charts are, of course, not strictly 
valid; they are to be regarded as tendencies of the 
atmosphere, however, and as such serve a useful 
purpose. It is to be noted that any discrepancy be- 
tween what is observed and what is indicated by the 
charts is in no way connected with the method of 

_ plotting used here and would occur in any com- 
parison of the observation with the fundamental 

- equilibrium data. 


is determinate, and can be evaluated by 
simultaneous solution of several relations 
involving the application of previously measured 
fundamental data. 

The interrelation of the constituents may be illus- 
trated by a mechanical analogy. In a nicely balanced 
system of interconnected levers, each supporting a 
certain weight, a change of weight on any one lever 
will, in general, alter the position of each of the 
others; and the correct calculation of the new 
equilibrium position of each lever requires the 
simultaneous consideration of several factors. All 
possible equations which might be written to inter- 
relate the positions of the levers are, of course, not 
independent. In a similar way all the reactions in- 
volving the active constituents of the gas are not 
independent; and consideration of a properly se- 
lected group of three of them suffices to fix the final 
state of the whole system. The group of three se- 
lected as most suitable for our purpose is: 


Tes COR 200 
ll C..- On scn 
il CO 430 CO, esr: 


The first two of these, when read from left to 
right, correspond to a transfer of carbon from the 
solid phase, which may be graphite or a steel, to 
the gas atmosphere; when read from right to left, 
to a deposition of carbon as graphite or to its solu- 
tion in a steel resulting in an increase in carbon _ 
content of the steel. The third reaction represents 
the readjustment of composition of the gas mixture 
occasioned by the occurrence of the primary re- 
actions I and II. Whether, in which direction, and — 
how far, reactions I and II proceed is determined by _ 
whether a certain quotient (of quantities relating 
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to the three constituents in each of these reactions 
to be defined in a moment) is equal to, greater or 
less than, the so-called equilibrium constant charac- 
teristic of each reaction at the temperature of the 
steel. It is assumed here, of course, that the rate of 
all the reactions is sufficiently great to permit them 
to come substantially to equilibrium; this is gen- 
erally true when the temperature is above about 
1000°F, since above this temperature all of these 
reactions go rapidly, being catalyzed at an iron 
surface. 

The equilibrium constant for each of these three 
reactions we define, in the first place, as follows in 
column 1, a being the thermodynamic activity of 
the constituent denoted by the subscript: 


(1) (2) (3) (4) 


Numerical value 
at 1400°F*, 
p expressed 


<= a5 D269 (CO)2 in atmospheres 
K, = = = 3.66 
20, LPoo, a, (CO,) 
K = Pon, oa Pou, (CH,) 
2 a = 0.0698 
aoO? AP? y, a, (HL) 
Gaeed. 1 iy 8) (CO,) (H,) 
Zs COs tH, COsP Hs 2 
i aE EAEE Ser swt 2 1.20 
“co%H20 PooP x20 (CO) (H,0) 


* From table II. 


The activity a of any of these gases, at the low 5 


pressures (less than 1 atm) prevalent in the usual 
furnace atmosphere, may be replaced by its partial 
pressure expressed in terms of atmospheres; when 
this is done, we have the definitions in column 2 
above. For convenience of notation, we _ shall 
throughout use the form in column 3—that is, the 
symbol(X)is used in place of px to denote the partial 
pressure of the gas X in the mixture, the percentage 
by volume being therefore 100(X). This leaves as the 
only activity that of carbon, a,.; it may be regarded 
as the effective tendency of carbon as a constituent 
of the solid phase to take part in the reaction, as 
distinct from the gross carbon content measured by 
ordinary chemical analysis. It is proportional to the 
vapor pressure of carbon in equilibrium with the 
solid phase which, however, is difficult to measure 
directly. To overcome this difficulty we may de- 
scribe the activity as a quantity, pertaining to the 
particular solid phase, which, when inserted in the 
expression for any of the equilibrium constants 
yields a result in accord with experiment; and it is 
in this way that a numerical value is assigned to it. 
This value is not absolute, but always relative to 
some standard state, this being chosen as the one 
most convenient for the purpose in hand. . 

For the present purpose we refer the activity a, 
(or virtual vapor pressure) of carbon in the solid 
ohase to that of graphite as unity, at all tempera- 
tures. This simplifies the treatment when a num- 
ser of different temperatures is to be considered. 
The activity of carbon in a steel which has come 
© equilibrium with graphite—that is, is saturated 
with respect to graphite as second solid phase—is 
oy definition likewise unity. In the more usual case 
»f a steel not saturated with graphite, a, is deter- 
nined in the following way: 


& 
> 
x) 


Vs x 

és 
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SS 
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Fig. 2—Plot of temperature and carbon activ- 

ity (a,) against carbon content. The solid 

circles, the hollow circles and the crosses in 

the lower diagram correspond to similar 

points in the upper diagram, and indicate 

equilibrium of y iron with graphite, iron car- 
bide and «a iron, respectively. 


Determination of a, in a Steel: When carbon 
monoxide, or carbon dioxide, or any mixture of 
them, alone or with an inert gas, is passed slowly 
over pure graphite maintained at a constant tem- 
perature—which for the sake of definite figures, we 
shall take at 1400°F—and the outgoing gas is an- 
alyzed so as to determine the partial pressure of 
each of the two active constituents, we find that the 
quotient of partial pressures (CO)*/(CO,), has the 
numerical value 3.66 no matter what the ingoing 
mixture was; consequently, since a, is here by 
definition unity, K, = 3.66 at 1400°F. Now if a 
precisely similar experiment is carried out in which 
(1) graphite is replaced by a steel, and (2) the in- 
going gas is replaced by a constant mixture of CO 
and CO, in initial proportions such that the quo- 
tient (CO)’/(CO.) in the gas is equal to 3.66, and 
if this experiment is continued until the composi- 
tion of the,outgoing gas (and the carbon content of 
the steel) remains constant the carbon content of 
the steel will then be 0.75 pct, the composition in 
equilibrium with graphite (a. = 1) at 1400° F (table 
I). If the experiment is repeated using a gas whose 
(CO)?/(CO.) is other than 3.66, the corresponding 
value of a, is obtained directly by substitution of the 
partial pressures in the expression for K, As a 
specific instance, if (CO) and (CO.) are initially 
0.78 and 0.22 atm respectively, the activity of car- 
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x 


Table Il. Selected Values of the Several Equilibrium Constants 


in numerical value of a, at a given carbon 
content, e.g. 0.5 pct, at different tempera- 


ture levels is due to the difference in solu- 


Equilibri Equilibrium Activity of ‘ A : ; 5 
e with With tronmand: |“ carban ia” buy an graphite in iron; if a, were relative 
it: <ide* iron sat- Seats ‘i : . A 5 
weet comias urated with to the activity in infinitely dilute solution 
r t (cox (CH4) | (CO) (Ha) | (CO2) | (H20) ren es unity, it would not vary appreciably with. 
emperature carbide 
ae (COz) ae (Hz)? | (CO) (H20) (CO) (He) temperature. 
, In fig. 2 we present the selected iron- 
oF °C Ki Ko Kg Ka Ks Ge is d aeeie ilib 5 m 
carbon temperature-composition equilibrlu 
i er portion), and for direct 
800 427 0.000267 | 8.97 9.02 1.21¢ |0.134+ 6.18# diagram (upp Pp Fr vite Go 
900 482 0.00232 | 3.07 5.63 Pe nore a eet comparison a plot of carbon activity * 
1 38 01 1.18 3.75 .01t |0. : 3 . . 
1100 393 0.0783 0.516 2.66 0.885 | 0.333 2.144 against carbon content (lower portion) : The 
1300 704 MEP ise real 8.700.) eee pad carbon content of a iron in equilibrium with 
1300 704 1.18 0.126 1.51 0.651 | 0.430 1.37¢# : a each 
1400 760 3.66 0.0698 1.20 0.575 | 0.478 See y — iron is from the work fe) mi in a 
1600 B71 24:9 0.0251 0:820 0472 | 0375 1.13 of y — iron in equilibrium with a — iron 
a8 ae te vere eae of nerpien pre ned from Mehl and Wells.’ The line represent- 
1800 982 120 0.0107 0.604 0.405 | 0.670 1.06 : f ve mee 
1900 1038 238 0.00740 0.530 0.380 | 0.718 1.05 ing saturation of y,— iron wi resp 
5100 1149 783 0 00383 0.493 0 338 0 300 ae graphite is based on the measurements, 
? a . « . 1 
2200 1204 | 1320 0.00286 0.383 0.321 | 0.839 made by different methods, of Wells,” Smith 


* Below 560°C (1040°F) the stable oxide is magnetite (Fe3;04), data marked 


and Gurry.' From this line, the correspond- 


with the sign ¢. At higher temperatures it is wiistite (FeOr, where w has a ing line representing the limiting solubility 


value slightly greater than unity depending upon temperature). 


+ The form of iron below 723°C (1333°F) is a-iron, data designated with the 
sign #; over the range 723°-1130°C (1335°-2066°F) the form is y-iron. 


of iron carbide in y — iron was derived by 
means of thermodynamic relations between: 


bon both in the gas and in the steel after equili- 
bration at 1400°F is obtained thus: 


(CO)?* 


(0.78)? 
ei, ee CCO,) 


i S66 ou ee 


and the final carbon content will be 0.60 pct* by 
weight. In the case of a gas in which (CO)’/(CO.) 
is greater than 3.66 held at 1400°F, one might ex- 
pect that graphite would precipitate and that the 
ratio by this means would return to the value 3.66; 
this is, in fact, exactly what would occur after a 
sufficiently long time. However, this precipitation 
of graphite within the gas phase is slow relative to 
equilibration of the gas with the carbon in the steel 
and carburization can be carried, by a suitable gas 
mixture, up to saturation with iron carbide where 


a, is 1.24 and the equilibrium carbon content 0.89> 


(at 1400°F) *. 


* From table I. 


Systematic series of such measurements, in which 
the composition of the constant ingoing mixture was 
changed by definite steps, at several constant tem- 
peratures, have been made.’ Table IA derived from 
these data gives directly for each of several con- 
stant temperatures the numerical value of a, in a 
carbon steel at each 0.1 pct carbon over the y-iron 
field; from it a, for any intermediate carbon content 
can readily be interpolated. Similar values of a; 
and the corresponding carbon content at the 
boundaries of the field, and also the carbon content 
in equilibrium with graphite (a, — 1) are given in 
table 1B; these were obtained by combination of 
the activity data with a revised iron-carbon di- 
agram, presented in fig. 2 and discussed below. It 
should not be inferred that either the activities or 
the odd percentages given in table I are accurate in 
the third decimal place; they do, however, con- 
stitute a consistent set as given, and for this reason 
they are recorded here and used in this paper. The 
data in this table are strictly valid only for pure 
iron-carbon alloys, but are substantially accurate 
for ordinary carbon steels; they would not be even 
approximately valid for steels carrying moderate 
proportions of most other elements. The difference 


(1) the free energy change of the reaction 
3Fe(y) + C(graphite) — Fe.C, as evalu- 
ated by Darken, Smith and Gurry (to be published) ; 
(2) the activity of carbon in y — iron, as measured 
by Smith’; (3) the cementite eutectoid temperature 
and composition as given by Mehl and Wells.’ 

The activity isotherms throughout the y —iron 
field in fig. 2 are plotted directly from the data in 
table I, which are derived from Smith’s data* by use 
of the graphite solubility at each temperature as the 
standard of reference. The activity at points along 
each boundary between fields corresponds to the 
carbon content as read from the upper diagram. 
The 1400° isotherm is extended into the adjacent 
fields in order to illustrate: (1) that at any certain 
temperature activity increases continuously with 
carbon content throughout any single phase region, 
whether the iron is @ or y; (2) that the carbon 
activity of two phases in equilibrium is (by defini- 
tion) the same, regardless of the relative amount 
of each phase. 

Each point on the graphite solubility line corre- 
sponds precisely to one at unit activity at the same 
temperature and carbon content in the lower part 
of fig. 2; and points along the several field bound- 
aries in the two parts of fig. 2 likewise correspond. 
Any iron-carbon alloy containing carbon in excess 
of the graphite solubility at the temperature, being 
then thermodynamically unstable, tends to precipi- 
tate carbon as graphite until the carbon actually in 
solution is lowered to the equilibrium concentra- 
tion; but this precipitation occurs only after a very 
long time at temperature (except at very high 
temperatures or when certain elements, e.g. silicon, 
are present), so that this excess carbon usually re- 
mains in solution. 

Consequently, carbon activity may exceed unity, 
as shown in the figure, up to an amount correspond- 
ing to saturation with respect to iron carbide; for 
instance, at 1400°F it is 1.24, and the carbon con- 
tent is 0.89 pct. This steel is in equilibrium with a 
CO-CO, mixture in which (CO)’/(CO,) = K,a, = 
3.66 xX 1.24 = 4.54; consequently any gas mixture 
in which (CO)’/(CO.) is greater than 4.54 will pro- 
duce carbide as a separate phase on the surface of. 
the specimen and thereby increase its gross carbon 
content beyond 0.89 pct which is, of course, still the 
concentration of carbon in solution. 
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Numerical Values of the Equilibrium Constants 


In describing how carbon activity, a., is evalu- 
ated, we outlined the way in which the equilibrium 
constant of a reaction is determined. In calculations 
involving more than one such constant, it is essen- 
tial that the values selected be concordant with one 
another and with the constants for related sche- 
matic reactions. For example: 


Key 2 (CO}H) 
Hr (CO) (CH,)” the constant for the re- 


action CO,+CH,=2CO-+2H, and 
value at 1400°F is 3.66/0.0698 — 52.4. 

The collation and reconciliation of the various 
data bearing on the selection of the best and most 
consistent numerical values of these constants have 
been discussed in a number of previous papers,’ and 
will not be taken up again here. For, after studying 
this whole matter again, we finally decided to make 
use of the consistent set of constants derived (from 
calorimetric and spectroscopic data) and published 
by a group* at the Bureau of Standards, even though 
the value which they assign to K, differs somewhat 
from that calculated from direct measurements of 
the water-gas equilibrium. This small difference is, 
however, not material to the present purpose. The 
values of K,, K,, and K,; given in table II for each 
100°F over the temperature range 800°-2200°F were 
interpolated from those published by them by 
plotting against temperature the deviation from a 
linear relationship between log K and the reciprocal 
of the absolute temperature. — 


its numerical 


The ratio (CO.)/(CO), designated K, in table II, 


at which iron is in equilibrium with its oxide was 
read from a curve drawn to represent the best data 
in the literature; and the ratio (H.O)/(H.), desig- 
nated K;, was obtained from (CO,.)/(CO) -by 
dividing the latter by K;. In the higher part of the 
temperature range covered the data used were 
those of Darken and Gurry;’ at intermediate tem- 
peratures the data considered were those of Schenck 
and coworkers,® and of Emmett and Schultz;’ while 
at the lower temperatures where iron is in equilib- 
rium with magnetite the latter were the only data 
available. The values of (H.O)/(H.) as measured 
by Emmett and Schultz were converted to the 
equivalent (CO.)/(CO) using the water gas con- 
stant (K,) as given by Kassel; but corrected in 
conformity with the newer heat of reaction AH,° 
given by Rossini.” This value of K; rather than that 
from table II was used here because it made the 
data of Emmett and Schultz agree better with 
those of the other investigators who measured the 
ratio (CO.)/(CO). : 

The activity of carbon in iron saturated with iron 
carbide is given in the last column of table II. The 
values above the eutectoid temperature are from 
table I, their derivation from carbide solubility and 
activity data having been described in a previous 
section. Below the eutectoid, the solubility of car- 
bon in a —iron is so low that the activity of iron 


‘in the solution can be considered equal to that of 


pure a —iron; and the activity of carbon at satura- 
tion with carbide is obtained thermodynamically 
from the standard free energy change of the reaction 
3Fe(a) + C(graphite) = Fe.C, as evaluated by 
Darken, Smith and Gurry (to be published). The 
activity of carbon in a and y —iron must, of course, 
be the same at the eutectoid since at this point 
there is equilibrium between iron carbide, a —iron, 


and y —iron. Both methods used do, in fact, give 
the value 1.29 at 1333°F as recorded in table I, the 
constant activity of the two phases at this tempera- 
ture being demonstrated in fig. 2. 


Method of Calculation, and Construction 
of Diagrams 


In the past, long and—particularly to one unused 
to doing it—quite troublesome calculation has been 
required before one could predict, from the com- 
position of the ingoing gas, what its reaction with 
the steel at temperature would be. The general 
procedure was as follows: First, select from table 
II values of the equilibrium constants appropriate 
to the temperature, and from them calculate, by a 
series of successive approximations, the composition 


-of the gas mixture at equilibrium at temperature. 


Second, derive the carburizing (or decarburizing) 
power of this equilibrium mixture by evaluating its 
carbon activity a, by means of the equations defin- 
ing K, or K, (at equilibrium both give the same 
answer); comparison of this calculated a, with the 
data in table I tells the carbon content of the steel 
with which this gas mixture is in equilibrium, and 
therefore shows whether it will carburize or de- 
carburize a given carbon steel at that temperature. 
Third, calculate the ratio (CO.)/(CO) or (H.O)/ 
(H.) for the equilibrium mixture as a measure of 
its oxidizing potential toward the steel; comparison 
with the appropriate value of K, or K; in table II 
tells immediately if the gas tends to oxidize or re- 
duce the steel. 

The situation is inherently complex because, as 
we have seen, there are at equilibrium six compo- 
sition variables, one for each of the gas constitu- 
ents CO, CO,, CH,, H., HO and N., as well as the 
two additional variables of activity of carbon, 4a., 
and temperature, and because of the dependence of 
these variables upon each other through the equilib- 
rium constants already discussed. Hence the de- 
scription to follow cannot be made entirely simple 
and at the same time describe accurately the treat- 
ment used in combining the data and in converting 
the results to the final form. In what follows we 
have endeavored to present the treatment in as 
simple terms as are consistent with accuracy. 

Description of the method of calculation, inter- 
polation, and representation of the results will be 
divided into three sections corresponding to the 
three types of equilibrium considered: (1) equilib- 
rium between the atmosphere and solid phases (y 
—iron, iron ++ carbide, or graphite) with definite 
carbon activity, (2) equilibrium of the atmosphere 
with iron (a or y) and its lowest oxide (FeO or 
Fe,O,), (3) equilibrium with Fe.C and iron oxide 
(FeO or Fe,0,). At low temperature the fields of 
gas composition which are carburizing and oxidiz- 
ing overlap. Investigation of this last equilibrium 
differentiates between atmospheres which are car- 
burizing and those which are oxidizing. 

The calculation in each section generally com- 
prises three steps: determination of equilibrium 
gas composition at certain values of the variables 
carbon activity, temperature, etc., conversion of the 
results to the new composition variables, interpola- 
tion to rounded values of the variables and to other 
carbon activities and other temperatures, and 
finally representation in the form of graphs. 


Atmospheres with Definite Carbon Activity: We 
start by pointing out that all of the variables men- 
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tioned above are not independent. For example, if 
the temperature is fixed, arbitrary choice of three 
composition variables will fix the partial pressure 
of each gas constituent in equilibrium at tempera- 
ture, provided we assume the total pressure is one 
atmosphere. Let us demonstrate this by choosing 


Fig. 3a (above)—Gas mixtures of sev- 

eral nitrogen contents (N/S) values) 

which at 1400°F have an activity of 

carbon (a,) of 0.5; triangular coordinate 
plot. 


Fig. 3b (left)—Gas mixtures of several 

nitrogen contents which at 1400°F have 

a carbon activity of 0.5; rectangular co- 
ordinate plot. 


0s 


values for (CO), (CO,) and (H.). Use of K, im- 
mediately gives (H.O); combination of K, and K, 
yields (CH.); (N.) is the difference of the sum of 
all the others from unity; and a, is derived from | 
either K, or K,. In principle, choice of certain other 
independent variables serves equally well. In this 
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-part of the work concerned with atmospheres of 
fixed carbon activity we chose (CO), (H.) and a,; 
the reason being that this gave an equilibrium one 
position with a certain chosen round value of a. 
rather than one with some unpredictable odd value. 
It should be noted that this general approach 
eliminates the need for successive approximations 
but can be used advantageously only when a range 
of the variables is to be covered. Since we have 
to cover here a wide range of each constituent we 
calculate equilibrium compositions at furnace tem- 
perature by selecting arbitrary values for certain 
of the variables, letting the values of the others 
fall where they may; later these equilibrium com- 
positions will be transposed into the equivalent 
atomic compositions which also pertain to an at- 
mosphere at room temperature going into the fur- 
nace. 

To illustrate the procedure, if we set the tempera- 
ture (thus fixing the equilibrium constants) and the 
carbon activity and select an arbitrary partial pres- 
sure of the two constituents (CO) and (H,), the 
molecular composition of the equilibrated gas is 
completely determined, the partial pressures of the 
other constituents being evaluated thus: 


(CO)* 
a. K, 


(CO,) = 


CCH): ==" aKa). 


(CO,) (He) 
(CO) K, 


(CO) (H.) 
a, K, K, 


(H,0) = 


H;) + (HO) ]. 


and (N.) = 1— [(CO) + (CO,) engraia: Sik 


This relation merely expresses the stipulation that 
the total pressure shall be one atmosphere, as it 
nearly always is, within very close limits. 

By performing such primary calculations for 
suitable increments of (H.) at a chosen value of 
(CO) we obtain a family of equilibrium “molecu- 
lar partial pressures”. Usually four or five well 
chosen increments of (H.) were sufficient to permit 
the required accuracy of interpolation at each 
value of (CO), and five or six well chosen (CO) 
values were sufficient to make graphs covering all 
gas compositions with the given activity of carbon 
at the given temperature. 

The next step is the conversion of the “molecular 
partial pressures” to the new notation of “atomic 
partial pressure”. This mode of representing the 
composition of the equilibrated gas at furnace tem- 
perature is particularly advantageous since it per- 
mits immediate comparison with room temperature 
(nonequilibrium) analysis. The new notation is 
based upon two facts: (1) in ordinary furnace at- 
mospheres the reactive constituents CO, CO;.CH, 
H., H.O are all composed of the same three ele- 
ments: carbon, oxygen and hydrogen; and (2) the 
‘composition of the equilibrated gas at any given 
temperature depends only on the relative amounts 
of these three kinds of atoms but not at all upon 
the molecular forms in which they were introduced 
into the furnace. - 

Consequently, the composition of the gas at 
equilibrium can be stated in terms of the propor- 
tions of the three reactive atoms—C, O, H—and of 
the inert gas nitrogen which is regarded as a dilu- 


ent affecting only the partial pressure of the reactive 
constituents at a total pressure of one atmosphere. 
These ‘“‘atomic partial pressures” we define as: — 
C= (CO) + (CO,) + (CH,) 

O = (CO) + 2(CO,) + (H,0) 

H = 2(H,) + 2(H,O) + 4(CH,) ' 

N = 2[1— (CO) — (CO,) — (CH,) — (H,) — (H,O)] 
and use the symbol S to designate C + O + H, the 
sum of the active constituents. By this means the 
composition of the gas on the atomic basis is ex- 
pressed in terms of the four quantities C/S, O/S, 
H/S, and N/S. The first three quantities repre- 


sent the fraction of each active atom, and these 
three fractions always add up to unity so that H/S 


= 1— C/S — O/S; as will be seen later, this fact 


_enables us to plot the three variables C/S, O/S, and 


H/S on rectangular coordinate paper. The fourth 
quantity, N/S, which is commonly greater than 
unity, expresses the ratio of nitrogen to the total 
reactive atoms. 

Since, for a reason which will be evident later, 
the final results are to be presented at regular in- 
crements of N/S, we now plot both C/S and O/S 
against N/S for each of the aforementioned families, 
and by interpolation at even increments of N/S get 
the corresponding values of C/S and O/S. The 
process is repeated for each ‘family used in the 
primary calculations. The results enable us to con- 
struct a graph which covers all gas compositions 
with a given carbon activity at the given tempera- 
ture; each line pertains to an even value of N/S. In 
the graph, fig. 3A, C/S is plotted against O/S and 
H/S on triangular “coordinates. Since the sum of 
C/S, O/S and H/S is unity we may equally well, 
and much more simply, plot C/S against O/S on 
rectangular coordinates. The result, fig. 3B, is the 


type of graph used in the final charts to depict gas 
composition. The value of H/S varies from unity, at 
C/S = O/S = 0, to zero at C/S + O S = 1; the 
latter condition is represented by the line desig- 
nated “CO-CO, Mixtures”. 

On this graph only carbon, oxygen and hydrogen 


content are plotted directly and nitrogen content 


(or change in pressure of the three reactive ele- 
ments) is shown by a series of lines, always labelled 
as to N/S value. The value of N/S is zero when the 
gas is” composed entirely of the elements carbon, 
oxygen and hydrogen, infinity when C + H + O 
approaches zero. It will be noted that the addition 
of nitrogen to a gas mixture originally nitrogen free 
does not change the position on the graph of the 
point representing the composition (since N/S is 
not plotted directly but only alters the position of 
the line against which the point is compared to as- 
certain whether the given gas has higher or lower 
activity of carbon. 

Interpolation at Intermediate Values of Carbon 
Activity (at Constant Temperature): By the method 
indicated above, a series of curves on a graph was 
obtained which represents the composition of all 
atmospheres, at a temperature, which have a cer- 
tain activity of carbon. Such a graph was con- 
structed at each of four values of a, at each tempera- 
ture. Interpolation at intermediate steps of a, (it 
being impracticable to make calculations for every 
small increment of the variables) was made by 
plotting C/S at constant O/S and N/S against the 
logarithm. of a,. From these curves (49 in number 
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1600°F 
N/S=0 


at 
EaUIILbe lum with XFe and wFe: 
Graphite 1.08 1.000 


%C=0.08, A= 0.055 


" Fe and Fe, 1.19 Pa ke} 


e 


at a given temperature) C/S is read off at activities 
corresponding to selected increments of carbon con- 
tent, the conversion from carbon percentage to 
activity being made by use of table I. Thus we now 
have the data necessary to construct a diagram, like 
those in the charts, comprising plots of C/ S against 
O/S at constant N/S (and constant temperature) 
for each of several selected carbon contents. Cer- 
tain round percentages of carbon in y —iron are 
included and also those in equilibrium with a —iron, 
Fe;C and graphite. 


Interpolation of Intermediate Temperature Levels: 
Calculations as described above were made for 
1400°, 1600° and 1800°F. Below the eutectoid, 
1333°F, the extent of solution of carbon in a —iron 
is So small that, for the present purpose, there is no 
interest in knowing how it varies with gas composi- 
tion. Consequently, at 1200° and 1000°F calcula- 
tions were made only for equilibrium with a —iron 
— Fe.C and with graphite, and at 800°F for equilib- 
rium with graphite alone, since at 800°F carbon 
diffuses so slowly that carburization or decarburiza- 
tion to any appreciable depth becomes impossible. 
The 800°F equilibrium with graphite and also with 
a —iron—Fe,O,, described in the next section, were 
included in the calculations as an indication of the 
possibility of soot deposition or oxidation during 
the slow heating or cooling of box annealing. 

As can already be seen, the calculations are 
laborious and so it was decided to obtain data for 
construction of final graphs at the intermediate 
temperatures of 1100°, 1300°, 1500° and 1700°F* by 


* Charts at 800°, 1100°, 1300°, 1500° and 1700°F are not pre- 
sented in this paper but are available upon request, as noted above. 


suitable interpolation of the calculated results at 
the other temperatures. This interpolation was car- 
ried out as follows: The values of C/S, already ob- 
tained at the series of temperatures and N/S S values, 
are plotted against temperature at constant O/S 
and N/S for each round carbon content and also for 


Fig. 4—Nitrogen- -free gas mixtures which at 

1600°F are in equilibrium with each of sev- 

eral carbon contents covering the stable 7 
iron field. 


equilibrium with «a — iron, graphite, and 

_ Fe,C. The final graphs for the intermediate 
temperatures are obtained by reading from 
these curves. 

Atmospheres in Equilibrium with Iron and 
its Oxide: Perhaps the most troublesome 
property of steel is its tendency to oxidize. 
Scaling during heat treatment is common and 
usually detrimental. Consequently, it is de- 
sirable to consider the limitations imposed 
by equilibrium of the gas mixtures with iron 
and its oxide. 

As in the case of equilibrium at a given 
carbon activity, calculation is performed for 
a series of chosen (H:) values at each of sev- 
eral round increments of (CO). The pressures 
of the other constituents are obtained by use 
of the following relations from table II. 

(CO,) = K, (CO) 


(H,O) = K, (H,) 
kc (CO)2. (EE) K, 5 
==. — - Isis = 
(CH,) K, (CO,) KK, (CO) (H,) 


The equilibrium pressures of the six molecular 
constituents are converted, as before, into the atomic 
pressure fractions C/S, O/S, H/S, N/S. C/S and 
O/S for a given (CO) family are plotted, just as 
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— He-HP Mixtures 
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Equilibrium with Graphite 
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CH - He Mixtures 
CH 


Fig. 5—Nitrogen-free gas mixtures in equilibrium 
with graphite at several temperatures. 
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_ before, against N/S; points at constant N/S read 
off the curves for the several increments of (CO) 
serve to determine the final curve of C/S against 
O/S. Thus we have at each temperature level a 
series of such curves, each at constant N/S, com- 
pletely analogous to the previous curves for a 
single carbon activity. 

Similar treatment at each temperature of interest 
followed by interpolation similar to that described 
above, results in diagrams showing the gas composi- 
tion in equilibrium with iron and its oxide over the 
whole temperature range. 


Atmospheres in Equilibrium with Iron Carbide 
and Iron Oxide: Whenever the situation occurs that 
the gas mixture in carbon equilibrium with iron 
and Fe.C is also oxidizing there arises the following 
uncertainty: in just what part of the overlapping 
region on the gas composition diagram does the gas 
tend to form Fe,C and in what part iron oxide as the 
stable solid phase? Obviously both cannot be stable’ 
except along a line on the gas composition diagram 
which represents equilibrium between Fe,C and 
iron oxide. This new calculation determines the gas 
mixture which is just able to oxidize Fe,C and, 

unlike most other calculations in this report, does 

not involve iron as one of the phases in equilibrium. 
The general equilibrium reaction here considered 
may be obtained by combination of two simpler re- 
actions as shown below. It involves a variable x 
resulting from the variation of the composition of 
the oxide, designated FeO,, with temperature. 


0.6 


1200°F 


Equilibrium with oCFe ond “Fe 0" 


to} 0.1 0.2 0.3: 0.4 as 


Fig. 6—Gas mixtures in equilibrium with iron and its 
oxide at 1200°F. 


ilibrium with Fe and Oxide 


c/ 


jo 


Fig. 7—Nitrogen-free gas mixtures in equilibrium — 
with iron and its oxide at several temperatures. 


(CO)? 
Fe,C + CO, = 2CO + 3Fe (a) K, = (CO, a’ 
= 3 CO shea), Keo 
3FeO, + 3xCO x CO, + 3Fe (a) (Co)™ 


Subtracting, 


Fe,C + (1+ 3x)CO, = 3FeO, + (2 + 3x)CO 


oy 
aay K,* 


(CO) (2 + 8x) 
(CO,) qa oe 82) ax 


In these equations the activity of iron, of 
Fe,C, and of FeO, are all considered to be 
unity and a,’ is used to indicate that activity 
of carbon which is determined by equili- 
brium between Fe,C and ferrite, no tempera- 
ture being involved above the eutectoid. 

Calculation of the equilibrium gas compo- 
sition is made at each temperature for a series 
of increments of (H.) at each of several chosen 
values of (CO,). 

The following equations determine the 
partial pressure of the other gas constituents, 
the expression for (CO) being derived from 
the equilibrium constant for the reaction 


above. 
Ky 4. \ SS 
(CO) = (F&F =) (CO,) 
(CO,) (H,) 
EO (CO) 
(CO)? (H,)? 
(CH) = z (CO,) 
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Values of x at 1000°, 1100°, and 1200°F were ob- 
tained from the composition of the oxide in equilib- 
rium with iron’ and are computed to be 1.333, 1.056, 
and 1.053 respectively at these temperatures. 

The equilibrium molecular composition is con- 
verted to atomic fractions as before and C/S and 
O/S are plotted against N/S for each family at 
constant (CO,) in order to obtain C/S and O/S at 
the usual increments of N/S for the final plot. "No 
further interpolation is needed since, in this case, 
calculations were made at each temperature for 
which the results are required. 

The final results of all these calculations are pre- 
sented in the form of working charts covering the 
range 800°-1800°F. All data-at any one tempera- 
ture appear on a single chart which is divided into 
segments, one for each value of N/ S. Each segment 
has its individual C/S scale, indicated along the 
curves, but uses the common O/S scale shown at 
the left. This means of consolidating the results was 
adopted to facilitate their use. 


Discussion of Results 


The calculation of equilibrium gas composition 
and the new type of graph used to express the re- 
sults have already been described. A few remarks 
about this graph may help to explain just why it 
was used, and also enable the reader-to use it more 
readily. The main purpose of this paper is to ex- 
press gas equilibrium data in such a way that the 
effect of a gas mixture upon the charge at tempera- 
ture can be estimated easily from a room-tempera- 
ture gas analysis. To accomplish this not only must 
equilibrium calculations be made over the whole 
range of gas composition and temperature of inter- 
est but also the results must be expressed in a 
simple manner so they may be easily used. 

The method used does simplify the expression of 
the equilibrium gas composition. We used three 
variables C, O and H to replace the five variables 
(CO), (CO.), (CH,), (H.), (H:O) which otherwise 
would have to be shown. This is possible because 
the equilibria involved at temperature are con- 
cerned only with amounts of individual atoms, not 
with molecular forms in which they may exist at 
room temperature. In addition we divide each of 
these three by their sum so that the two variables 
C/S and O/S are all that are needed to express the 
five molecular partial pressures: this enables us to 
plot the equilibrium pressures of the five active 
molecules on an ordinary rectangular coordinate 
paper. Variation of the sixth constituent, nitrogen, 
is expressed by a series of curves, each at constant 
ratio, N/S, of atoms of nitrogen to the sum of the 
active atoms. 

On the two dimensional graph of C/S vs. O/S 
the value of H/ S at any point is always 1 — C/S ee 
O/S. Since nitrogen does not plot directly, we e shall, 
in reference to gases in this paragraph, omit men- 
tion of it, keeping in mind, however, that any finite 
proportion of nitrogen may be present at any point 
without altering the veracity of the statements. 
Pure molecular hydrogen on the graph is plotted at 
C/S = O/S = O; pure CH, is plotted at C/S = 
None os = 0. All mixtures of H, and CH, fall on 
the straight line between these two points. H.O is 
plotted at C/S = 0, O/S = 0.333, and all mixtures 


of H, and H.O are represented on the straight line 
between this point and the origin. CO is placed at 
C/S = O/S = 0.5, CO, at C/S = 0.333, O/S) == 
0.667, and mixtures of these two on the straight 
line between them. Since along this line C/S + 
O/S S = 1, this is a boundary of the graph. Composi- 
tions outside the triangle enclosed by this line and 
the two axes do not exist. Those outside the polygon 
defined by the points representing pure H.O, H., 
CH, CO, and CO, are not of interest as furnace 
atmospheres. The field above the line between the 
points for H.O and CO, represents mixtures of O, 
with these; that to the right of the line between 
CH, and CO represents mixtures of these with 
higher hydrocarbons. 

We have already discussed the calculation of the 
composition of all atmospheres which are in equilib- 
rium with a given activity of carbon at a certain 
temperature. This information was given for a, = 
0.5 at 1400°F in fig. 3B. As indicated on this graph 
CH, — H, mixtures plot along the C/S axis (O/S = 
0), and CO — CO, mixtures fall along a line such 
that C/S + O/S = 1. At a given value of N/S all 
gas mixtures with the stated carbon activity fall 
along a single curve, starting with a certain CH, — 

H, mixture and ending with a certain CO — CO, 
mixture. As the proportion of nitrogen in the gas 
increases the ratio of (CO) to (CO.) and of (H.) to 
(CH,) increases, and at infinite dilution with nitro- 
gen, N/S = = o, the active constituents are simply - 
CO and H.. The same is the case for any other 
activity of carbon and any other temperature. Thus 
we see that the one atmosphere which neither car- 
burizes nor decarburizes any steel at any tempera- 
ture is pure nitrogen and that this inert property 
is, from the practical standpoint, unaltered by the 
presence of small amounts of CO and H.. 

The interpolation described in a previous section 
enables us to represent all atmospheres at a given 
temperature and N/S value which are in equilib- 
rium with y —iron of several chosen carbon con- 
tents as a series of curves, as in fig. 4; this is the 
type of diagram used in the working charts. Curves 
are generally shown not only for certain round 
carbon contents but also -for the boundaries of the 
stable y —iron field (equilibrium with a —iron and 
with Fe,C) and for equilibrium with graphite. As 
is expected, higher carbon content in the metal ac- 
companies a larger ratio of (CO) to (CO,) or of 
(CH.) to (H.) in the gas. Except in atmospheres 
high in hydrogen the variation in gas composition 
accompanying a given change in carbon content, 
say 0.1 pet, is much less at high than at low per- 
centage of carbon. This results from the fundamen- 
tal relation defining K, (table II) and is associated 
with the fact that at a given temperature and N/S 
value a line connecting the points for CH, and CO 
represents atmospheres with infinitely high carbon 
activity and the approach to this line with changing — 
carbon content of the steel is therefore asymptotic. 

For a given activity of carbon, say equilibrium 
with graphite (a, = 1), and a given N/S, say zero, | 
a diagram, fig. 5, can be constructed showing the 


_ change of gas composition with temperature. It is 
well known that as temperature increases CH, be- _ 


comes less stable relative to carbon and hydrogen 
and that CO becomes more stable relative to car- 
bon and CO.; these facts can be seen from inspec- 
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get 


_ tion of the values for K, and K, in table II. This 


means that at higher temperature the ratio of (GH) 
to (H,) will decrease, and that of (CO) to (CO.) 
will increase resulting in the positions of the curves 
shown. It is apparent from fig. 5 how an atmos- 
phere containing considerable H. can be carburizing 
at high temperature but decarburizing at low tem- 
perature,. whereas other atmospheres can be de- 
carburizing at high temperature and carburizing at 
low temperature. In the latter case soot may be 
deposited at low temperature, as in cooling of an 
annealing furnace. In the vicinity of unit carbon 
activity there is one atmosphere (C/S = O/S — 
0.1) whose carburizing tendency remains essentially 
constant with temperature. Inspection of the final 
charts permits the selection of certain other at- 
mospheres which maintain roughly constant activity 
or carbon content over a certain range of tempera- 
ture. 

Thus it is seen that at high temperature the at- 
mospheres with a given activity of carbon contain 
little CO, or CH; even when no nitrogen is present, 
(N/S = 0), and the range of variation of propor- 
tion of active atoms with nitrogen content is there- 
fore very restricted because of the proximity of the 
limiting line representing mixtures of CO and H, 
which pertains to N/S = oo. Likewise for a given 
N/S the area on the gas composition diagram corre- 
sponding to a given variation in percentage of car- 
bon will be less at higher than at lower tempera- 
ture;_at- high temperature the addition of a small 
percentage of CO, to CO or of CH, to H, results in 
a greater change in activity of carbon. This de- 
creased spread at high temperature in the curves 
representing different carbon contents at fixed N/S 
will be noticed in the working charts. 

As shown in table II a fixed ratio of (CO.) to 
(CO) or (H.O) to (H.) at a given temperature is in 
equilibrium with iron and its lowest stable oxide. 
Thus for either a simple CO-CO, or CH,-H, mixture, 
a fixed point on the gas composition graph, fig. 6, 
represents this equilibrium regardless of the pro- 
portion of nitrogen present. For more complex 
mixtures, interaction of the different species of gas 
molecule perturbs this simplicity and in order to 
maintain the constant ratio of (CO.) to (CO) and of 
(H.O) to (H.) in the equilibrated gas a different 
gross proportion of the active atoms is required for 
each different nitrogen content. The result at a 


given temperature is a band of curves each for 


fixed N/S which converges to a point at each end 


as shown. The curvature for zero nitrogen content 


is greatest, and rapidly diminishes with increasing 
nitrogen to the straight line joining the points for 


the two simple gas mixtures. At low temperature 


the width of the band is great but at higher tem- 
perature, above 1300°F, it collapses to the straight 


line. Fig. 7 shows the effect of temperature in 


changing the contour and the position of the curve 
representing nitrogen free gas mixtures in equilib- 
rium with iron and its oxide. With increasing tem- 
perature the ratio (H.O)/(H.) increases but (CO) / 
(CO) decreases, a fact also shown in table I. This 
results in the curves crossing as shown; the point 
where several curves cross represents an atmos- 
phere whose equilibrium relationship is insensitive 
to temperature. It can readily be seen from fig. 7 
how an atmosphere can be reducing at high tem- 


perature but very oxidizing at low temperature; 
this explains the formation of the commonly ob- 
served film of oxide produced during cooling of 
steel in an annealing furnace. At very low tempera- 
ture the reducing requirements are great and the 
only salvation is the fact that here the reaction rate 
is very slow. 


Precautions: This discussion would not be com- 
plete without some cautioning remarks regarding 
the application of the charts contained in this paper. 
It should be emphasized that the results are cal- 
culated for iron-carbon alloys and may be applied 
only to carbon steels, except as inferences may be~ 
derived for alloy steels on the basis of carbon ac- 
tivity. The charts represent the composition of a 


—gas mixture at a total pressure of one atmosphere 


whose constituents are at the same time in homo- 
geneous equilibrium with each other and in heter- 
ogeneous equilibrium with one or more = solid 
phases. In practice under certain conditions either 
or both of these aspects of the complete equilibrium 
may not obtain, and in such a case the indications 
derived from the charts are not directly applicable. 
If a gas mixture is not in internal equilibrium, cer- 
tain constituents, say the methane and hydrogen, 
might exist in such proportions that they tend to 
carburize a given steel; others, the carbon dioxide 
and carbon monoxide, might at the same instant 
tend to decarburize, while the gas mixture as a 
whole might be indicated on the chart as being in 
equilibrium. 

At temperatures above about 1000°F equilibrium 
within the gas phase and also between the gas and 
solid phases is commonly established. Even here 
a finite time is required for homogeneous equilibra- 
tion of the gas, so that the indicated results from the 
charts do not apply for a very fast rate of flow (in 
part because of the time required to heat the gas). 
It should perhaps be mentioned that a piece of steel 
held in an atmosphere indicated to be in equilibrium 
with steel of a given carbon content may upon 
analysis prove not to be of that carbon content, even 
at the surface, if the time at temperature is too 
short. When comparing the charts with furnace 
atmospheres, an effort should be made to obtain the 
composition of the gas in actual contact with the 
work; only this gas can react with the steel. Since 
the ingoing gas is often modified by leaks or scale 
in the furnace, air in the brickwork, moisture or 
oil on the work, etc., it is recommended that the 
exit gas be analyzed, or even better that probe 
samples be taken near the work. 
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Thermal Expansion Characteristics of Stainless Steels 


Between —300° and 1000°F 


by D. E. Furman 


The thermal coefficients of linear expansion for several stainless steels have 
been determined over the temperature range from —300° to 1000°F. The steels 
studied include types 301, 304, 316, 347, 310 and 330. This wide selection of com- 
positions allows an insight into the effects of austenite stability and alloy content 

on the expansion characteristics. 


HE recent increased use of materials in low tem- 

perature applications has created a field for 
which the properties of austenitic iron, chromium, 
nickel alloys are particularly suited. Tensile and 
impact values of stainless steels at subzero tem- 
peratures have been made available in the technical 
literature but, as yet, little information has been 
published with respect to expansion characteristics. 
In order to supply this need, a study was made of 
several of the more common compositions. Those 
selected were types 301, 304, 316, 347, 310 and 330 
stainless steel. Both the mean and instantaneous co- 
efficients of linear expansion were determined over 
the temperature range from —300°F to 1000°F. 


Procedure 


The materials used were commercial grades with 
the exception of type 301 which was made in a 10# 
high frequency furnace. The compositions are listed 
in table I. All steels were given an anneal at 1950°F 


D. E. FURMAN is Metallurgist, International Nickel 
Co., Inc., Bayonne, N. J. 

AIME Chicago Meeting, Oct. 1950. 

TP 2825 E. Discussion (2 copies) may be sent to 
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published May 1951. Manuscript received Nov. 3, 1949. 


for 30 min and water quenched prior to machining 
the expansion specimens. 

Expansion readings were taken on specimens 
0.250 in. in diam by 4.000 in. long with a fused 
quartz tube expansion apparatus similar to that 
described by Hidnert and Souder.* Temperature 
measurements were made with a chromel-alumel 
thermocouple calibrated for use at subzero tempera- 
tures. 

A bath of propane was used for temperatures 
from —300° to —100°F and one of alcohol from 
—100°F to room temperature. These baths were 
contained in large mouthed Dewar flasks and cooled 
to the desired temperature levels by passing liquid 
nitrogen through glass cooling coils placed in the 
flasks. The baths were stirred constantly for tem- 
perature equalization and were heated by immers- 
ing metal rods which were replaced frequently 
enough to give a heating rate of approximately 
150°F per hr. A resistance wound furnace was used 
for heating from room temperature to 1000°F and 
throughout this range rates of about 450°F per hr 
were maintained. The furnace was designed so that 
the temperature gradient over the specimen was 
within 5°F. 

In most instances, the expansion readings were 
taken during heating from —300° to +300°F at 
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Table I. Compositions of Stainless Steels Tested 


Heat or 
Stock “ 
Type No. Cc Si Mn Ss P Ni Cr Others 
301 T18131 0.13 0.54 0.80 
s is : 7.25 16. 
ae 02298 0.068 0.53 0.65 0.007 0.024 8.49 eee 
ae 02398 0.057 0.58 BY Hi 0.012 0.026 12.70 17.78 2.38 Mo 
02397 0.068 0.56 1.74 0.006 0.019 11.30 18.65 0.77 CB 
310 02557 0.111 0.42 15d 0.010 0.022 21.64 27.22 : 
330 02556 0.052 0.62 1.81 0.006 0.006 35.19 15.30 
O12 
.O/1 
EXPANSION 7 
es curve 
EXPANSION |p 
[3 12.0 & 009 20 & 
INSTANTANEOUS Gs 008 pieced A : i 
! 7 5 WO & 


J 
9 


i) 
‘ 9° 
COEFFICIENT OF EXPANSION X10°PER °F 


EXPANSION -/N. PER IN. 


N 
O° 


n 
° 


' 
9 
Ss 
< 

% 
8 


x 
° 


300 -200 -/00 O 200 400 600 800 1000 
TEMPERATURE-“F 


Fig. 1—Expansion characteristics Type 301 stain- 
less steel annealed. 
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Fig. 3—Expansion characteristics Type 316 stain- 
less steel annealed. 


10°F intervals and from 300° to 1000°F at 25°F 
intervals. The readings were corrected for the linear 
expansion of the fused quartz specimen holder® and 
‘smooth curves were drawn through the plotted 
points ignoring small irregularities. The instan- 
taneous coefficients were determined by tangents to 
the drawn curves at the indicated temperatures. In 
a few instances where duplicate specimens were 
run, good agreement was obtained. 


Discussion of Results 


The expansion curves for each of the stainless 
steels are plotted in fig. 1 to 6 together with the 
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Fig. 2—Expansion characteristics Type 304 stain- 
less steel annealed. 
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Fig. 4—Expansion characteristics Type 347 stain- 
less steel annealed. 


thermal expansion coefficients. The instantaneous 
and_mean expansion coefficients are also given in 
table II. For convenience in using the results ob- 
tained, the mean values were calculated with respect 
to 70°F, that is, room temperature. 

The stainless steels studied covered a wide range 
of composition to give an insight into the effect of 
austenite stability as well as alloy content on the 
expansion characteristics. The least stable of the 
alloys investigated was type 301 and its behavior 
serves to show the influence of instability. In fig. 1, 
it will be noticed that a slight permanent expansion 
occurred after cooling to —320°F and reheating to 
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Fig. 5—Expansion characteristics Type 310 stain- 
less steel annealed. 


room temperature. This was attributed to the trans- 
formation of austenite to ferrite and magnetic 
measurements’ indicated that the amount of ferrite 
formed was small, less than 2 pct. Evidently this 
quantity of ferrite was insufficient to affect the 
values of the instantaneous coefficients to any marked 
degree. As the instability of the annealed type 301 
had a negligible effect on the expansion character- 
istics, there seemed to be little point in determining 
its effect on those of the more stable compositions. 
It should be remembered, however, that the pres- 
ence of cold work can be expected to increase the 
instability of the marginal alloys and under favor- 
able conditions might cause a sufficient amount of 
transformation to occur to lower the expansivity. 

The effect of composition on the expansion charac- 
teristics at subatmospheric temperatures is similar 
to that at elevated temperatures. The austenitic 
stainless steels of high iron content tend to have 
higher thermal expansion coefficients than those 
with lower iron contents. As shown in fig. 7, types 
301, 304 and 347 in the subzero range are quite 
similar and have the highest values of the steels 
studied, 7.5 x 10° per °F at —300°F to 8.7 x 10° per 
°F at 0°F. This group continues to have compara- 
tively higher coefficients from room temperature to 
1000°F and in this range is joined by the molyb- 
denum containing type 316. The type 310, which has 
a lower iron content, is little different from the type 
316 at the subatmospheric temperatures but is def- 
initely lower in the higher temperature ranges. A 
further reduction in the iron content, as represented 
by the type 330 stainless steel, results in the lowest 
values of mean coefficients obtained, 5.8 x 10° per 
°F from —300° to 70°F and 9.4 x 10° per °F from 
70° to 1000°F. 

The reason for the very low expansivity of the 
type 330 at low temperatures is better understood 
if it is realized that this composition is essentially 
Invar containing 15 pct of chromium. As is known, 
this type of material goes through a reversible mag- 
netic transformation or Curie point at a tempera- 
ture which is dependent upon the alloy’s composi- 
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tion. The transformation is accompanied by a sharp 
change in the slope of the expansion curve and the 
temperature at which it occurs is usually referred 
to as the inflection temperature. From the expan- 
sion curve in fig. 6, it is suggested that type 330 has 
an inflection temperature in the vicinity of —100°F 
and this was checked approximately by a determi- 
nation of the Curie point with.a hand magnet. The 
existence of an inflection temperature is further 
illustrated by the rapid decrease in the instantane- 
ous coefficient of expansion values at the low tem- 
peratures. 
Summary 


A study of the expansion characteristics of com- 
mercial grades of chromium, nickel stainless steels 
in the annealed condition has been extended to tem- 
peratures down to —300°F. The influence of aus- 
tenite instability on the expansivities of the ma- 
terials studied was found to be of small importance. 

In general, it was found that the highest co- 
efficients of expansion can be expected in those 
steels with the highest iron contents and any de- 
crease in the iron content will tend to lower the 


steels —300° to 1000°F. 


values. The comparatively higher iron alloys such 
as types 301, 304, 316, and 347 had mean coefficients 
of expansion of approximately 7.4 x 10° per °F over 
the range —300°F to room temperature whereas the 
corresponding values for the lower iron types 310 
and 330 were 7.0 x 10° and 5.8 x 10° per °F respec- 
tively. In the case of the type 330 stainless steel, the 
occurrence of a Curie or inflection temperature re- 
sulted in unusually low instantaneous coefficients 
of expansion below —100°F. 
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Acid Conditioning of Metallurgical Smoke for Cottrell Precipitation 


Early in the Cottrell application for recovery of metallurgical smokes, it was 

discovered that the presence of free acid in the precipitated dust was essential for 

efficient operation. This paper deals with the author's experience on the operation 

of an early Cottrell installation which led to the development of a sulphuric acid 

fuming furnace for auxiliary acid conditioning of combined Wedge roaster and lead 
sinter smoke. 


by A. L. Labbe 


OON after the Cottrell treater was placed in 

operation in the Murray plant in 1918 to treat 
combined lead sinter and Wedge roaster smoke, it 
was noticed that the power flowing through the 
treater did not remain constant. This was indicated 
by the varying milliamperes and also by the total 
amount of power consumed by the rectifiers. At 
times, for then unknown reasons, the treater cur- 
rent fluctuated through a wide range of from 40 to 
300 milliamperes. Fortunately, these variations in 
power did not affect the treater’s overall recovery, 
as this installation consisted of three independent 
units in series, a feature which made the Murray 
Cottrell an outstanding installation over many years 
of operation. . 

Water conditioning of the smoke as a means of 
improving recovery was already known, but was not 
adaptable to this installation for reasons of exces- 
sive corrosion, which had been the case with other 
treaters using water as a conditioner exclusively. 
Tests conducted on the smoke had proved conclu- 
sively that water vapor played no part in the fluc- 
tuation of power, and the same was true of the SO, 
contents and dust burden of the smoke. Neither did 
temperature variations of from 150 to 400°F have 
any effect on the power. 

Finally it was noticed that the variation in power 
taken by the treater, and the efficiency of recovery, 
had some definite relation to the number of Wedge 
roasters operating, and particularly to the sulphur 
contents of the charge. This observation soon led to 
the discovery that free sulphuric acid was the con- 
ditioner for Murray smoke and that variations in 
acid contents of smoke accounted for fluctuations of 
treater power. Analysis of recovered dust revealed 
that only a few hundredths of a per cent free acid 
. was necessary to maintain a very efficient recovery. 

Once this knowledge was available, the roaster 
charge was adjusted as to sulphur contents to pro- 
duce the necessary acid conditioner. For a number 
of years this practice was followed, but with im- 
provements in the field of flotation, excess pyrites 
were eliminated from the smelting picture, so with 
a change in metallurgical practice we were con- 
fronted with the problem of providing the deficiency 
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in acid by some other means. The situation was 
aggravated and our problem of acid conditioning 
made more difficult by the increase in the lead con- 
tents of concentrates roasted resulting from better 
flotation methods. : 

The first step towards introducing acid vapors into 
the smoke stream by accessory Means was accom- 
plished by boiling sulphuric acid in cast iron pots 
placed in an open fire box. Acid fumes evaporated 
from the pots together with the combustion gases 
from the fire box were discharged into the flue 
through a cast iron pipe. 

Capacity of the iron pots was quite limited be- 
cause of the comparatively slow rate of evaporation 
and the use of lump coal as a fuel, which did not 
lend itself to practical temperature control. This 
method of firing resulted in frequent pot failures 
due to overheating. 

In spite of these incidental difficulties, encoun- 
tered in any new venture, the pot evaporator demon- 
strated the practicability of fuming sufficient acid 
to make up the deficiency in that naturally evolved 
in the Wedge furnace operation. 

As time progressed, less and less high sulphur 
material was available for Wedge roasting, and the 
necessity for accessory acid conditioning reached a 
climax when the supply of this material was en- 
tirely eliminated. 

Since the cast iron pots could only evaporate a 
few hundred pounds of acid per day, and were costly 
to replace, the logical thought presented itself of 
spraying the acid in a heated chamber. This new 
type of acid evaporator was simpler and more eco- 
nomical to operate and had sufficient capacity to 
fume several thousand pounds per day. The attached 
fig. 1 presents the outstanding features of the new 
furnace. A is the vaporizing drum, which is heated 
by the combustion gases of coal stoker fire box, B. 
Acid is sprayed into the hot gas stream within the 
drum through a number of air-acid atomizers, C, 
and the acid vapor, together with combustion gases, 
is introduced into the smoke stream through two 
cast iron pipes extending to different points in the 
flue. 

The operation of this type of furnace requires 
control of temperature inside the drum to prevent 
overheating, which dissociates the acid vapor to SO, 
and eventually to SO., with resulting loss of acid. 
The dissociation to SO, at elevated temperatures is 
comparatively high, and in some cases accounts for 
as much as 60 pct of the acid sprayed into the drum. 
To reduce the loss of acid, through dissociation, 
some Cottrell plants, where the rate of acid sprayed 
reaches at times 9 ppm, use two evaporating units. 

Fuming the acid into the smoke stream is only 
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one of two important steps in conditioning of Cot- 
trell dust; the other is to recondense the acid in the 
smoke before reaching the treater. Thus, an addi- 
tional loss of acid may be incurred in uncondensed 
vapors passing out of the treater. Recondensation of 
acid is brought about by means of high pressure 
water sprays located in the flue following the fum- 
ing furnace. The amount of water sprayed ina 
smoke stream varies a great deal with the type of 
smoke handled and involves a number of operating 
factors. 

Coincidental to the discovery that free acid was 
the conditioning agent responsible for the very 
efficient operation of the Murray Cottrell treater, 
tests were conducted for acid contents of recovered 
dust to determine the amount required for best 

- treater performance. It was found that a dust was 
sufficiently conditioned when it contained free acid 
to the extent of 0.1 pct. 

Another helpful fact observed during the period 
of power fluctuation was that both the milliamperes 

flowing through the treater and the voltage applied 
across the electrodes had a definite relation to acid 
content of dust, from which observation operators 
began to refer to “conductivity” of the dust, a term 
which is widely applied throughout our Company 
plants in reference to Cottrelling properties of a 
smoke. 

With nonconductive dusts, those alkaline in na- 
ture or deficient in acid conditioning, the electrical 
characteristics of a Cottrell treater are quite erratic 
and subject to wide variations in both applied volt- 
age and current flow. These are manifested by arc- 
ing across electrodes and wildly fluctuating kilovolts 
and milliamperes. As the conductivity of the dust 
increases, the operation of the treater smooths out, 
making it possible to raise the applied voltage. The 
optimum operating point, and consequently the 

~ highest dust recovery, is reached when both the 
milliamperes and kilovolts are at a maximum. 

Conditioning of a smoke for Cottrelling is a hair- 


SECTION B-B 


trigger proposition. Contrary to popular belief, there 
is absolutely no uniformity in the dust burden of a 
smoke. The dust burden of lead sinter smoke, and 
particularly of copper converter smoke, is subject 
to wide variations in the space of a few moments. 
To date no practical instrument has been developed 
to warn the Cottrell operators of the nature of the 
smoke to be conditioned. Not only does the burden 
vary, but the chemical composition of the smoke 
also varies, presenting an ever-changing picture to 
the application of acid conditioning. 

While the burden of an incoming smoke cannot 
be anticipated, its effect is reflected in power varia- 
tions through the treater, and this effect is used to 
control the amount of acid sprayed into the fuming 
furnace. The response to acid conditioning, though 
somewhat delayed, is indicated to the operator by 
means of a milliammeter connected to one of the 
Cottrell cells. To date this has proved the most 
practical and efficient guide for control of quantity 
of acid fumed. Variations in the number of furnaces 
operating are compensated by means of signal lights 
located at a point visible to the Cottrell operator so 
that he can anticipate conditions which lead to the 
most radical changes in smoke burden. 

Acid conditioning is efficiently applied to certain 
smokes at treater temperatures of 500°F; other 
plants maintain operating temperatures of 175°F. 
The criterion is the efficiency of recovery desired, 
which is governed by the returns on the value of 
metals recovered against the cost of acid condition- 
ing. 

An innovation in the fuming of acid has come 
about in the last seven years through tHe direct in- 
jection of acid into the hot section of the flue by 
means of atomizers, with a consequent saving in 
installation, fuel and labor cost. Results thus far 
obtained with this new method of acid conditioning 
are encouraging enough to promise the replacement 
of drum-type evaporators wherever sufficiently high 
smoke temperature is available for acid atomization. 
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Experimental 


Operation of A Basic-lined Surface-blown Hearth 


For Steel Production 


by C. E. Sims and F. L. Toy 


NEUMATIC processes for converting molten pig 

iron to steel were the major producers of steel 
during the latter half of the 19th Century and until 
shortly after the turn of the century, when these 
processes began losing ground to their rival—the 
basic open hearth process. 

The first pneumatic process for converting molten 
pig iron to steel was introduced almost simultane- 
ously by Sir Henry Bessemer in England and by 
‘William Kelley in the United.States during the 
decade 1850-1860, but it was Bessemer who pushed 
it to a successful commercial operation. The process 
itself is so basically simple that it has not lent itself 
to many extensive or revolutionary improvements 
since its inception. During the first 30 yr, numerous’ 
designs of vessel and many modifications of practice 
were tried before the industry standardized on 
something resembling current practice. The evolu- 
tion in construction has resulted in proportions and 
arrangements based more on mechanical expedience 
than on metallurgical requirements. 

Many of the early converters were stationary and 
had to be tapped similarly to the cupola or open 
hearth furnace. Such types were used for many 
years in Sweden and Germany, but the rotating or 
tilting types were favored in England and the United 
States. There was evident trouble with bottom 
tuyeres, because about half of the early designs 
were constructed for side blowing with tuyeres sub- 
merged below the metal-bath surface. Even portable 
tuyeres, introduced from above, were tried. The 
principal advance, which made bottom blowing 
practical, was the invention, in 1863, by Henry 
Bessemer, and subsequent improvement by A. L. 
Holley, of a detachable bottom so that the tuyere 
section could be renewed. In the meantime, it was 
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the demonstration, by Robert Mushet, of the value 
of manganese in overcoming hot-shortness in con- 
verter steel, that made the process metallurgically 
feasible. 

At first, only the acid practice was used, and 
Swedish pig iron, because of its low sulphur and 
phosphorus, was in great demand. The development 
of a suitable basic lining, by Sidney G. Thomas and 
Percy G. Gilchrist in 1876-1879, made the process 
applicable to the high-phosphorus ores of Europe. 
From the beginning of the use of the Thomas- 
Gilchrist process, trouble was experienced in obtain- 
ing sufficiently high temperatures in the blown 
metal, particularly in small heats. It is necessary, 
of course, to have the low-carbon blown metal at a 
considerably higher temperature for handling from 
vessel to ladle to molds than is needed for the 
molten pig iron. 

All of the increase in temperature in a pneumatic 
process must be obtained from the heat of combus- 
tion of the elements contained in the pig iron plus 
that from silicon when ferrosilicon is added. In 
bottom blowing practice, carbon is almost completely 
burned, but inasmuch as it cannot be oxidized to a 
higher state of oxidation than to CO when in con- 
tact with liquid iron, only a minor portion of the 
heat-producing capacity is utilized. Under such con- 
ditions, it is not considered to be an efficient source 
of heat. In the acid practice, therefore, silicon and 
manganese are the large heat producers, are quickly 
oxidized, and are efficient fuels. Too much manga- 
nese, however, thins the slag greatly and tends to 
promote excessive slopping or throwing of slag and 
metal from the converter during the blow. Most 
operators, therefore, like to keep the manganese 
content of the iron below 0.60 pct, and thus the main 
source of heat is the silicon, which must be at least 
1 pet and sometimes 2 to 3 pct for small blows such 
as for castings. Ferrosilicon is sometimes added dur- 
ing the blow to obtain an adequate temperature 
level. 

In the basic (Thomas) practice, even more heat 
is required, because cold lime is added to flux the 
phosphorus after it is oxidized, and the basic slag 
must be maintained at a proper temperature. Silicon 
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A series of 1000-Ib experimental heats of regular basic pig iron were surface 
blown with air jets on a basic hearth using burned fine to produce basic slag. After 
a processing period of about 12 min, depending on the rate of air delivered. steels 
were produced with an average composition of 0.03 pct C, 0.08 pct Mn, <0.01 pct Si, 
0.024 pct P, 0.021 pct S, and 0.003 pct N. Temperature was increased 300°F by the 

heat of reaction. 


in the pig iron is undesirable because it requires the 
use of more lime. For that reason, it is kept down to 
about 0.6 pct. Manganese, relatively high as com- 
pared with acid practice requirements, is desired 
for its heat and may run as high as 1.0 pet. Phos- 
phorus, however, is the main source of heat, and it 
is considered necessary to have at least 1.8 pet for 
good operation. In Europe, where the Thomas pro- 
cess is used extensively, most of the pig iron used 
contains approximately 2.0 pct of phosphorus. 
American basic pig iron, however, seldom exceeds 
0.5 pet in phosphorus content, and for that reason, 
the Thomas process has not been used in America. 

Even in the early days of bottom blowing, it was 
noted that when the vessel was tilted down to 
expose some of the tuyeres, a notable increase in 
temperature was obtained. This eventuated in the 
developing and patenting in 1891, by Tropenas, of 
an acid-lined converter for surface blowing with all 
of the tuyeres above the liquid level. The apparent 
reason for the long delay in this development was 
the firm conviction that the kind of violent agitation 
of the metal bath caused by blast air directed 
through it was essential to success: Tropenas proved 
that this was not true. 

The Tropenas surface-blown converter produces 


much hotter blown metal from a similar charge— 


than can the bottom-blown converter. Its ability to 
attain temperatures in excess of 3200°F (1760°C) 
when blowing cupola-melted iron has been demon- 
strated many times. As a consequence, it has been 
adopted almost exclusively for making small blows, 
particularly for steel castings. Being an acid process, 
however, it does not involve the method of adding 
cold materials as fluxes for slag making. 

The reason surface blowing develops higher tem- 
peratures is generally attributed to the burning of 
CO, released by the carbon boil, to CO, above the 
bath, the heat release being within the vessel so that 
- it is efficiently utilized in raising the temperature 
_ of the metal. Hall’ disagrees with this and maintains 
that the extra temperature results from burning 
more iron. Certainly all of the CO is not burned to 
CO, in the vessel in this case, but much of it is, and 
the combustion of carbon to CO, produces 3% times 
as much heat as when burned just to CO. On the 
other hand, more iron generally is burned during 
surface blowing. a 

Although there seems to be no record of a process 
which depends on surface blowing when conducted 
on a hearth composed of basic refractories using 
lime as a flux, it seemed possible to the authors that 
surface blowing under these conditions might fur- 
nish ample heat without the necessity of using high 
phosphorus pig iron. It will be remembered that 
basic pig iron, common to American practice, has 
not been considered suitable for use in a strictly 
pneumatic process, its phosphorus content of 0.2 to 
0.4 pct being much too high for acid Bessemer prac- 
tice and a great deal too low for the Thomas prac- 

tice. 
- It is already known that when air is directed near 
the surface of liquid metal, a nitrogen content lower 
than the 0.010 to 0.018 pct normal to bottom-blown 


converter steel results. However, it is generally ac- 
cepted from experience in the basic Thomas process 
that the elimination of phosphorus and the realiza- 
tion of low nitrogen are incompatible in a pneumatic 
process. Therefore, when making steel of relatively 
low phosphorus and nitrogen content, it has hereto- 
fore been necessary to use the basic open hearth 
process. Although the basic open hearth process 
produces a steel of a quality which is in many 


~ respects superior to that of the acid Bessemer or 


Thomas processes and in large tonnages at com- 
petitive costs, it requires fuel from an external 
source. Moreover, it produces steel at a compara- 
tively slow rate. 

Thus it appeared desirable to investigate the pos- 
sibility of producing by a pneumatic process low- 
nitrogen, low-phosphorus, open hearth quality steel 
from pig iron of a composition normally used in the 
basic open hearth process. Accordingly, Carnegie- 
Illinois Steel Corporation, with the benefit of the 
technical proposals of Battelle Memorial Institute, 
sponsored a cooperative project at Battelle Memorial 
Institute for this work.* 


Design and Construction of Experimental Furnace 


An experimental unit of 1000 lb hearth capacity 
was decided upon. It was considered that this was 
about the smallest quantity of iron that could be 
blown to advantage, and the largest quantity that 
could be melted conveniently in the laboratory. A 
special high-frequency induction furnace was con- 
structed for this work, and was powered by a 100- 
kva motor-generator set. This power is somewhat 
low for so large a quantity of metal and, to speed 
the melting operation, an aspirating gas burner was 
put in the top, through a hemispherical cover. Melt- 
ing and superheating time was approximately 4 hr. 

In designing the unit, efforts were made to keep 
it simple and yet as flexible as possible in order to 
obtain the maximum experimental data. The main 
dimensions and principal details of construction of 
the shell are shown in fig. 1. The shell was made 
in two parts, the nose or offtake section being sepa- 
rate. The lower section, or hearth chamber section, 
is a short cylinder with axis horizontal and a seg- 
ment cut off at the top where the nose section is 
attached. The nose section is a truncated pyramid 
designed to carry away the gaseous products of re- 
action, in this case to a cupola stack, the 27-in. 
cupola having been removed to permit installation 
of the experimental unit. 

There were several reasons for selecting this de- 
sign. It gave a fairly shallow bath with a maximum 
depth of 9 in. and a large surface area approxi- 
mately 18 by 36 in. The blast traveled the long 
dimension of the bath surface to give the maximum 
opportunity for reaction. It was thought that if this 
dimension were too short, misleading results might 
be obtained. Thus, it came close to simulating con- 
ditions that would pertain to larger hearths. By 
making a hearth chamber proportionately twice as 
wide, the capacity could be increased to over 27 tons 
by increasing the diameter three times. 

The proper angle of the jets for best blowing con- 
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ALL SHELL PLATE -25" 
THICKNESS 

FLANGE .37" THICKNESS 
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ALL MONOLITHIC LINING 


JET PiPE BLOCK 


JET PIPE PEEP HOLES 
WITH OBSERVATION 
WINDOWS 


Fig. 1—Experimental hearth chamber for surface blowing. 


ditions was not known, and this design made it pos- 
sible to vary the angle from a minimum of 7° to a 
maximum of 20 to 25° without changing the shape 
of the bath. 

The comparatively short vertical dimension and 
the rounded inside contour were designed to give a 
smooth sweep of the gases that would minimize 
turbulence and prevent excessive erosion of the re- 
fractory lining. 

The design was made for simplicity in construc- 
tion and lining with refractories. 


Lining: The lower section or hearth chamber, 
with the exception of the jet-block area, was lined 
to a thickness of 9 in. with hard burned magnesite 
brick laid in magnesite mortar. Cardboard strips 
and ground furnace magnesite were used to provide 
approximately 4g-in. expansion per ft, and the 
bricks against the curved shell were backed up with 
an inch of ground magnesite next to the steel shell. 
Corrugated paper was first used between the ’side 
walls and the shell, but later this was replaced with 
ground high-heat duty insulating brick. A wedge- 
shaped wooden block was used at the location of 
the jet-pipe block during lining and was removed 
when the jet block was installed. 

The nose section was made with rows of welded 
studs inside. An internal, removable form was in- 
serted, and a periclase ramming mix was tamped 
into place to form a monolithic lining. This was 9 in. 
thick at the base and tapered to 5 in. at the nose 
opening. The two parts of the shell were lined sepa- 
rately and then assembled. 


Jet Pipes: The jets consisted of seven pieces of 
standard 1-in. steel pipe each 13 in. long. These 
were placed in a single row 2% in. between centers 
and threaded into a base plate like a row of candle 
- molds. This manifold was placed in a form, and 
some of the same ramming mix used in the nose 
was rammed around the pipe to form a wedge- 
shaped jet-pipe block. The wooden block was re- 
moved from the lining through the wind-box and 
jet-pipe block inserted in its place. It was bolted 
down by means of the base plate to prevent leakage 
of air back of the lining. 

The back plate of the wind-box was provided 
with a row of Pyrex windows arranged so that the 


operator could sight down each pipe. The windows 
were mounted in screw caps which were easily and 
quickly removed during a blow if any pipe needed 
cleaning. These windows are shown in fig. 2. 


Mounting: The complete unit was mounted over 
a pit large enough to allow it to turn over com- 
pletely and also to contain a slag box and a ladle 
for receiving the finished metal. Tilting was done 
by hand through a large hand wheel and a worm 
gear. When the hearth and nose assembly was prop- 
erly counterweighted, this was readily done. This 
is shown in fig. 3. 

A protractor type of gauge and a pivoted, weighted 
pointer were mounted on the side. This was cali- 
brated to give a direct reading of the jet-pipe angle 
for any position. 


Sampling: Several methods were tried for sam- 
pling the bath during a heat, but the one found 
most satisfactory was to make an opening through 
the shell above the wind-box big enough, and at 
such an angle, that a regular sampling spoon could 


- be dipped in and withdrawn with a sample of metal. 


Although this worked very well with metal samples, 
satisfactory slag samples were not obtained when 
the blast was on. In the first place, too little slag 
was obtained, and in the second place, frequent 
additions to the hearth left too much doubt as to 
the homogeneity of the slags. Samples of charge 
metal were taken before it was put into the hearth, 
and samples of finished metal and slag were ob- 
tained when the hearth was tilted for pouring. 
Almost every sample of metal and slag was analyzed 
by two laboratories, and in most cases excellent 
checks were obtained. 

Gas samples were taken through a hole in the 
side wall of the nose section. The location was chosen 
because it was thought to be high enough to allow 
reactions within the hearth chamber to be fairly 
complete and low enough to avoid contamination 
from aspirated air. The gas samples were collected 
in standard glass sample tubes with stopcocks on 
both ends. One end of each sample tube was con- 
nected to a length of %-in. pipe by means of vacuum 
rubber tubing. The far end of the iron pipe was 
closed over with a piece of light-gauge sheet zinc, 
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Fig. 2—Rear view 
of experimental 
furnace. 


Wind-box with peep holes, 
door for taking metal sam- 
ples, hole for gas samples, 
and protractor gauge for ad- 
justing angle of jet-pipes. 


soldered in place. The whole tube was evacuated 
just before use, and the outer stopcock closed. When 
the closed end of the pipe was thrust into the gas 
sampling hole, the zinc melted in a matter of a few 
seconds and allowed the holder to fill with furnace 
gas. The inner stopcock was closed before taking 
the pipe from the gas stream to prevent the cooling 
and contracting gas from drawing in air. 


Temperature Readings: Temperatures were de- 
termined with a Pyro Optical pyrometer. Readings 
on the pig iron were taken as it poured over the 
spout of the induction furnace or over the lip of 
the ladle into the hearth chamber. Finished-metal 
temperatures were taken as it poured over the lip 
of the nose section into the ladle. In these cases, the 
red scale with the standard correction for emissivity 
was used. Temperatures during the heat were taken 
by sighting through a window and down one pipe. 
Black body conditions apparently pertain here and 
the black scale was used. Excellent agreement was 
obtained between the two sets of temperatures. For 
example, the last temperature during blowing agreed 
with the temperature of the finished metal as it 
poured from the furnace. 


Auxiliary Equipment: Blast: The blowing, re- 
cording, and controlling equipment installed for the 
cupola was available for use in delivering blast air. 
The Roots blower had a nominal capacity of 1200 
cfm of air at 3-lb pressure. Within this capacity, 
the volume of air can be controlled and recorded 
automatically. Another instrument records the pres- 
sure. These are shown in fig. 3. 


Preheating: Drying and low-temperature heating 
of the hearth and nose were accomplished by in- 


serting an aspirating gas burner through the metal- 
sample door. This device was also used to keep the 
refractory lining from cooling down too much be- 
tween heats. It could maintain a dull red heat for 
days. 

Inasmuch as only one heat per day could be made, 
it was necessary to preheat the lining and shell hot 
enough to simulate the temperature that would exist 
at the beginning of a heat during continuous opera- 
tion. The jet-pipes were used as burners and natural 
gas as a fuel. At the beginning, a No. 3 Motor-Mix 
blower was connected into the air line through a 
T-connection. With this, the temperature of the 
lining could be raised to a maximum of 2500°F, 
which was not hot enough. This was remedied by 
tapping a high-pressure gas line directly into the 
air line from the Roots blower. After that, a pre- 
heat temperature of 2800°F was obtained readily. 
It was only necessary to shut off the gas to have the 
hearth ready for charging and blowing. 

Flame Record: A photoelectric cell was arranged 
in a sighting tube and connected, through amplifiers, 
to a Speedomax recorder where changes in light 
intensity were recorded as voltage variations in a 
manner similar to that described by Work.’ In prac- 
tice, it was sighted from a distance of 30 ft on the 
flame where it issued from the nose. Although only 
a portion of the flame could be seen from this posi- 
tion, the cell proved to be extremely sensitive to 
variations in flame intensity. 


Experimental Work 


Altogether, 32 heats were made, each with some 
variation from the others, to gather experimental 
data. Of these, three were brought to rena 
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ee 


end because of blocked jet-pipes and once a false 
indication of flame drop seemed to be obtained. Two 
consistent characteristics of the flame were noted 
early: first, there was no failure to obtain a “‘light”’ 
immediately when the blast was turned on, and 
second, the flame-drop was abrupt and definite 
when a carbon content of 0.04 to 0.05 pct was 
reached. 

The first four heats were made under unfavorable 
circumstances. Besides the handicap of inexperi- 
ence, both the molten pig charged to the hearth and 
the lining were too cold at the start. The first heat 
was stopped by plugged jet-pipes caused by drop- 
ping in 25 lb of pebble lime in a paper sack. The 
impact of this mass caused metal to surge into the 
jet-pipes where it froze. Also, when lime was added 
in this manner, it tended to fuse into one large mass 
which was not dissolved during the blowing time. 
In all later heats, the lime (%-in. pebbles) was 
poured in from a long-handled dipper. 

The other three heats were finished successfully, 
although the temperature of the finished metal 
averaged 2860°F (1580°C), which is not hot enough 
for handling such a small quantity of very low- 
carbon steel. The third heat, which is summarized 
in table I, illustrates what could be done. 

The silicon and phosphorus contents of the pig 
were high and the combustion of these gave con- 
siderable heat. Not only was the metal raised 
500°F (280°C) in temperature, but the temperature 
of the lining was raised 200°F (110°C), and the 80 


lb of additions were heated to bath temperature. In 
: 


Fig. 3—Front view 
of experimental 
furnace. 
Installation over pit, trun- 
nions and tilting meohan- 
ism, counterweight, exhaust 


stack. Blower and control 
instruments in background. 


spite of the high-silicon and phosphorus contents 
of the charge, over 97 pct of the phosphorus went 
into the slag. 

After the first four heats, the lining was pre- 
heated to a temperature of approximately 2800°F 


Table I. Summary of Heat No. 3 


Analysis of, pct Cc Mn Si P S) N 


Pig iron 3.41 1.08 2.27 0.370 0.031 0.002 
Finished metal | 0.03 0.03 <0.01 0.007 0.024 0.003 


oF °C 
Temperature of lining before blowing 2660 (1450) 
Temperature of metal entering hearth 2380 (1300) 
Temperature of finished metal 2880 (1580) 
Temperature increment of metal 500 ( 280) 
Blowing time 15 min 
Burned lime added 75 Ib 
Mill scale added 5 Ib 


Table II. Summary of Heat No. 10 


Analysis of, Pct Cc Mn Si iP: S) N 
Pig iron 3.77 1.80 1.61 0.444 0.039 | 0.008 
Finished metal 0.04 0.04 0.02 0.019 0.023 | 0.004 


Weight of molten pig iron to hearth 991 lb 

Temperature of molten pig iron to hearth 2640°F (1450°C) 

Weight of finished metal recovered 791 lb 

Temperature of finished metal 2960°F (1630°C) 
901 


Weight of burned lime used b 

Time to flame-drop 14 min 
Afterblow 3 min 
Total blowing time 17 min 
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(1540°C), and the pig was charged at an average 
temperature of about 2650°F (1450C°). This gave 
finishing temperatures ranging around 3000°F 
(1650°C) and greatly improved the operation. It 
is obvious, however, that the temperature of the 
finished metal did not increase as much as the 
starting temperature of the pig iron and the lining. 
Moreover, these heats showed that, in addition to 
ample heat being developed by the process and 
phosphorus being successfully eliminated, the latter 
Was oxidized at the same time as the 
carbon instead of later as in the basic 
Thomas process. The steel so produced 
had a nitrogen content comparable to 
basic open hearth steel. These observa- 
tions were confirmed in subsequent heats. 

It was shown in Heat No. 3 (table I), 
that pig iron with a silicon content as 
high as 2.27 pct could readily be handled. 
In Heat No. 10 (table II), it was deter- 
mined that phosphorus contents as high 
as 0.450 pct could be reduced to an 
acceptable level. 


Remarks 


example, three samples taken simultaneously at dif- 
ferent places in the same horizontal plane of the 
nose section gave the following results: 


COs, pct CO, pet Oc, pet 
15.4 ata ef nil 
14.9 - 1.0 0.6 
15.1 6.3 0.5 


The presence of free oxygen in so many samples, 
particularly in the presence of CO*, aroused the 


* There were no individual sam 
of both CO and Oz, 


ples that contained a high content 


Two-slag operation. Blast volume 
Blast velocity increased to 430 fps. 


min. Some metal lost in operation. 
reduced causing jets to plug. 


2-min afterblow. 

Excessive slopping near end. 
High mill-scale addition. 
One-slag normal operation. 
Blast volume increased 25 pct. 
Air enriched to 25.6 pct Oo. 
Prolonged afterblow. 

Calcium ferrite used as flux. 


Standard heat. 


After the first ten heats, the practice 
was pretty well standardized, and a pro- 
gram was conducted to determine the 


Angle, 


Degrees 


11 
18 
18 
14 
14 
14 
14 
10 


13 
16-14 |First slag removed after blowing 5 


effect of such variables as quantity of 
fluxes and time of adding, two slags vs. 
single slag, rate of air input, velocity of 


Total 
Blowing | Blowing 


Time, 
Min. 


15% 
13 
14 
14 
14 

10% 
14 
10 
14 
91 

18% 
12 


blast in jets, oxygen enrichment of the 
air, afterblow, and use of calcium ferrite. 
Methods of sampling were now worked 


Time to 


Flame- 


Drop, 


Min. 


13% 

13 
13 
13 
10 
12 
13 

9 
14 
12 


out, and a photoelectric cell was set up 
to record variations in flame intensity. 
The standard conditions called for a 


Tron Re- 


covered, 


Pct 


81 
91 
89 
715 
90 
89 
85 
82 
90 
75 
88 


preheat of the lining to about 2800°F 
(1540°C) and pig iron charged at a tem- 
perature of 2650°F (1455°C). Air was 
introduced at a rate of 750 cfm with a 


Finished 
Metal Re- 


covered, 


Lb 


7158 
836 
823 
690 
832 
822 
784 
749 
777 
694 
797 


\ 


jet velocity of 300 fps and a wind-box 
pressure between 1% and 3 psi. 
A regular basic pig iron was used. After 


Pig 
Added, 


Lb 


1013 
997 
1025 
1002 
993 
998 
1002 
997 
983 
934 
997 
981 


melting in the induction furnace it had 
a composition that averaged close to: 
C—3.95 pct, Mn—1.95 pct, Si—1.10 pct, 


tionally Introduced 


Temp. 
Finished 


Metal, 


oF 


2980 
2950 
2910 
2960 
2900 
2970 
2940 
2980 
3050 
3170 
3200 
2840 


P—0.31 pct, S—0.035 pct. The carbon 
was somewhat lower than in hot metal 
direct from a blast furnace, because 


Temp. 
Hearth, 


oF 


2780 
2740 
2860 
2810 
2790 
2770 
2800 
2750 
2700 
2750 
2790 
2700 


kish was lost during freezing and re- 
melting. 
The metal analyses and heat data for 


Temp. 


Iron 
Charged, 


oF 


2650 
2640 
2610 
2660 
2620 
2650 
2650 
2630 
2600 
2630 
2600 
2650 


12 representative heats are shown in 
table III, and the flux additions and slag 
analyses for the same heats are listed 
in table IV. Inasmuch as this was all 
experimental work, most of these heats 
had one variable intentionally intro- 
duced while keeping all other conditions 
as nearly standard as possible. Details 
of six of these heats are shown graph- 
ically in fig. 4 to 9, inclusive. 

A large number of gas samples were 
taken during the various heats and some 
of the results are shown in the figures 
for individual heats. On the whole, these 
samples were considered representative 
of conditions over the hearth, but it be- 
came apparent that individual samples 
were apt to be erratic and that no one 


Table II. Metal Analysis and Blowing Data for Twelve Representative Heats Showing Effects of Variables Inten- 


Metal Analysis, Pct 


N 


Si 


Mn 


0.84 0.319 0.027 0.005 
0.02 0.023 0.027 0.003 
0.95 0.333 0.028 0.003 
0.01 0.017 0.025 0.003 
1.16 0.326 0.029 0.003 
1.57 0.345 0.025 0.003 
1.25 0.305 0.019 0.005 
0.004 0.023 0.017 0.005 


0.002 0.035 0.015 0.004 
1.01 0.302 0.015 0.002 


0.004 0.013 0.015 0.002 
1.08 0.270 0.029 0.004 
1.12 0.302 0.030 0.003 
0.01 0.028 0.018 0.003 
1.05 0.290 0.031 0.003 
0.01 0.033 0.025 0.003 
1.04 0.304 0.037 0.003 


0.003 0.027 0.018 0.003 
1.04 0.301 0.041 0.003 


1.09 0.313 0.038 
0.03 0.05 <0.005 0.013 0.018 0.004 


0.03 0.04 <0.01 0.042 0.021 0.005 


D9 
1 
14 
7 


By ef 
.03 0.06 
81 2 
.03 0.0 


3.84 1.90 
4.05 2.2 
0.03 0 
4.02 2.09 
3.93 2.05 


3.96 1.97 
3. 
0 


3. 
0 


Sample 


Finished metal | 0.04 0.03 <0.01 0.010 0.020 0.003 
Finished metal | 0.02 0.05 <0.01 0.050 0.022 0.003 


Pig charged 
Finished metal 
Pig charged 
Finished metal 
Pig charged 
Pig charged 
Pig charged 
Finished metal 
Pig charged 
Finished metal 
Pig charged 
Finished metal 
Pig charged 
Finished metal 
Pig charged 
Finished metal 
Pig charged 
Finished metal 
Pig charged 
Finished metal 
Pig charged 
Finished metal 


sample was dependably representative 
of the conditions when it was taken. For 


Heat 


6 
K4 


ay 
13 
15 
19 
20 
22 
23 
24 
25 
27 
28 
30 
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Table IV. Flux Additions and Slag Analyses for Same Twelve Heats Shown in Table II 


Mill Scale, Lb < 
Burned Lime, Lb After Slag Analysis, Pct 
Heat 1st 2nd 1st 2nd Flame- Spar, 5 
No. Slag Slag Total | Slag Slag Drop Total Lb Slag |CaOQ MgO MnO SiOz AlsOz P205 Fe203 FeO Remarks 

11 60 10-0 2 Final |25.0 93 7.6 85 1.5 2.6 18.5 26.7|2-min afterblow. 
13 60 10 10 2 Final | 29.7 7.8 74 91 #41.4 3.1 15.6 26.1/Standard heat. 

2 Flush | 10.6 18.4 16.5 17.8 1.0 28 11.6 21.5|Twoslag. First slag off 
zs SP React : : Final | 17.3 174 54 62 09 2.0 189 32.8] after blowing 5 min. 

Flush ‘ 15.55 15:0)-31.0. 095.5 iia 1.2 16,2|Two slag. Blast volume re- 

we EN Fie a s : Final ins 16.4 7.5 104 62 4.0 2.5 37.7| duced causing jet stoppage. 

2 Flush | 13.1 17.3 17.8 28.8 6.4 1:6 1.3 16.5|Excessive slopping near end. 
a oD eed = - Pinals|213'9'1610. 7959 6.2) ee oid) | 2 el Osea 

Flush | 21.1 13.1 22.3 30.00 3.2 1.1 2.5 §8.6|High mill-scale addition. 
= get ae i es ste Final: |} 234280220.) BiB) BOF 44 a 3oS 
23 75 10 10 20 Final | 24.0 59 88 89 8.0 40.1 |Normal operation. 
i we ‘ 83 76 09 1.7 17.1 31.3|/Blast volume increased 
24 75 10 10:= 20 Final | 20.1 13.5 ea 
i i A: 6 9.9 5.5 32.7|Blast velocity increased to 
25 75 10 LOM e20 Final | 24.8 11.8 9 eee 
27 90 a5 15 Final’ |.:23,6.- 16.70 4.9.9 014.0 7.7 26.7|Air enriched to 25.6 oxygen. 
28 75 20 20 Final: .|-13.4 17.7 6.1 8.0 5.1 45.2 |4.5-min afterblow. 
60 

30 65* Final | 26.1 89° RT 9.5 5.9 32.3 |Calcium ferrite used as flux. 


* Calcium ferrite (CaO—47 pct, Fe203-—41 pet) 


suspicion that there was either an error in analysis 
or contamination with air. Careful checking proved 
that this was not the case, and forced the conclusion 
that representative samples could not be obtained 
at any one location. The high speed of the gases 
prevented uniform mixing and even complete reac- 
tion. Perhaps in a larger hearth chamber they 
would be more uniform. Any chance of using gas 
analysis as a control measure seemed to be pre- 
cluded. 

A sufficient number of specimens should give an 
accurate average, and in table V, the average re- 
sults for 17 heats are given. To put all heats 
on an equal basis, they were divided into five 
periods, the four quarters of the time from start 
of blowing to flame-drop and the period after drop 
of flame. Analyses for samples in each period of 
any heat were first averaged and recorded opposite 
the heat number. The grand average is considered 
representative of a typical heat. 

The average data are plotted in fig: 10. This 
figure, together with details for a normal heat such 
as in fig. 5, gives considerable information as to 
what goes on inside the hearth chamber. The line 
for total O, is obtained by calculating all oxygen- 
containing constituents back to O, by the formula 


(O, -- CO, ao Ip CO) XG 100 
100 —% CO 


Progress of a Heat: During the first 4 min of 
blowing, all of the silicon is oxidized and the man- 
ganese is just as rapidly depleted down to a stable 
content of between 0.2 and 0.4 pct. The carbon is 
oxidized slowly, being protected by the silicon and 
manganese. The phosphorus concentration actually 
increases. This is thought to be due, in part, to 
concentration from decreased bath weight and, in 
part, to phosphorus reversion from the lining and 
slag from the previous heat. Most of the sulphur 
drop occurs in this period. 

There is a large increase in bath temperature 
during this period, because silicon and manganese 


“== equivalent O.. 


are good fuels. The flame intensity is only moderate 
at best and is very low during the third minute 
when almost no carbon is being burned. The in- 
tensity picks up as the carbon elimination is ae- 
celerated. 

During this first period, the gas, as shown by 
fig. 10, contains moderate quantities of CO, and 
considerable O., but no CO. The free oxygen in- 
dicates that nearly 1/3 of the air is not being used 
at all. In other words, the air is being used at 
about 70 pct efficiency. The deficiency in total 
oxygen indicates that nonvolatile oxides are being 
formed, that is, oxides of silicon and manganese 
mainly, but some of iron also. 

As soon as the silicon is exhausted and the man- 
ganese reaches a stable content, the rate of carbon 
drop increases sharply and quickly reaches a rate 
of approximately 0.5 pct per min. This rate is 
maintained almost constant until the flame-drop 
when the carbon content is close to 0.05 pct. The 
phosphorus starts to drop simultaneously with the 
carbon (phosphorus is shown on an expanded 
scale). This is illustrated very well in fig. 4, 6, and 8. 

During the silicon oxidation, there is very little 
boil, but immediately after the silicon is gone, 
there is usually a very violent boil which is almost 
explosive. This lasts not more than half a minute, 
after which the bath settles down to a steady but 
vigorous boil. The violent boil is nicely indicated 
by the peak in flame luminosity at 3% min in 
Heat No. 24, fig. 6. 

Bath temperature continues to increase up to 
about 8 min and then drops slightly toward the end 
of the blowing period. Part of this increase in temp- 
erature can be credited to the burning of phos- 
phorus, but it is significant that the peak in tem- 
perature is reached when the content of CO, in the 
gas is at its maximum, as shown by comparison of 
fig. 5 and 6 with fig. 10. This observation seems to 
support the contention that it is the formation 
of CO, in contrast to the burning of carbon to a 
lower oxide (CO) in the bottom blowing processes 
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that gives surface blowing 
the advantage in temperature. 

Fig. 10 shows that from the 
4th to the 10th min of blow- 


Table V. Gas Analyses Averaged by Quarter Periods of Time to Flame-drop 
and Those Taken After the Drop of the Flame. Grand Average for 17 Heats 


Was Then Obtained 


ing practically all of the Reasket Goce one 
input of oxygen can be ac- 
counted for as oxides of car- Hae mice After After 
ame- Fl. - - 
bon. This means that no non- No. 1 2 3 Drop | tI 2 3 4 Drop 1 2 3 4 pres 
volatile oxide such as iron 
oxide is being formed at this 11 ee 16.1 16.2 126 aerl.6= 2:0 0 TOK 2.6 
time. During this interval, mn 30 ae oe 20 oF 2 19 ae is oe 23 O14 
only about 60 pct of the car- 15 oo 2-6 5.5 9.7 12.8 8 
6 inte 16 88 146 162 6.0 73 23 25 149 0162240 OS 0 
on is being burned to CO, ay 7.6 16.2 14.5 0.7 8.7 50.8 4.0.3 18.8 0) 0 16.0 ) 
: eRe 88 165 5.3 ibe é i 
which would seem to indi- 20 6.1 136 123 92 7.3 13 33 ni RTOs 
: ; 21 Sl 48) : 
cate a deficiency of air. When eres se, rk eee | See ee 
air was put in at a greater ee oe igs ce ei ee he eee ee te oe 
rate as in Heat 24, fig. 6, 25 | 86 144 145 9.8 6.7ee 016 024) 1/8 0 105 141 8.9 
= es 26 SSO 2 pat 9G 2G. lonamO ae <0 14.7) |) (oes i1g'3 3.8 
owever, the composition of ee 7 oe a 6.1 TeSier Ore Ot 1c6 Oe T25716.6:2 0 
; : OAD 97 =O Dun Oman ODIO) 09 35 | 02 55 135 17.9 0.5 
the gas was not changed, the 29 6.6 6.6 15.4 12.3 7847.30.10 0.3 0 0.1 11.0 23.0 
whol 
e cycle was merely Avg. | 88 12.0 149 111 19 | 64 34 09 32 101 | 02 7.0 109 86 06 
speeded up. Air delivered at 


two levels above the bath 

surface, originally proposed by Tropenas for his 
process, would, perhaps, burn a greater portion of 
the CO to CO.. 

The rate of carbon elimination is maintained un- 
abated until a content of about 0.05 pct is reached 
and the flame intensity likewise shows no loss. 
When the carbon has reached its end point (it goes 
still lower during an afterblow), however, the flame 
drops abruptly, as though it had been turned off. 
It seems evident, therefore, that the flame intensity, 
at least as measured with the infrared sensitive 
photoelectric cell that was used, is a direct measure 
of the rate of carbon combustion. The eye sees 
what the photoelectric cell records but it is not so 
sensitive quantitatively. During the height of the 
heat, the flame is streaked with tiny incandescent 
particles, but just before the flame-drop, it takes 
on a soft phosphorescent luminosity that foretells 
the end. Every addition to the hearth caused a jog 
in the flame curve and mill scale produced a 
momentary flare up. This is shown by the inter- 
_ ruption of the flame-drop in fig. 5. 

After about 10 min blowing and when the carbon 
content has gone below about 1 pct, the content 
of CO and CO, in the gas decreases rapidly and 
free oxygen begins to increase. The free O, indi- 


cates a decrease of efficiency in the use of air. | 


While air is cheap, a decrease in utilization means 
loss of heat units in the effluent gases. The rapid 
decrease in total oxygen at this time denotes the 
equally rapid formation of iron oxide. The man- 
ganese content of the bath is now decreased from 
about 0.3 to around 0.1 pct. 

Although iron oxide is a desired constituent of 
the final slag, because of phosphorus elimination, 
it would seem desirable and economical to add it 
near the end of the heat as ore or mill scale rather 
than obtain it the hard and more expensive way 
(iron from ore at approximately 60 pct of the cost 
of iron from pig iron) by oxidation of the iron 
bath. Several attempts to increase the yield by 
this means were inconclusive. 

It will be noted in fig. 10, that during the 6- to 
9-min period, more oxygen is being given off than 
is being put in. This is believed due to the carbon 
reduction of iron oxide that formed earlier when 
there was a deficiency of oxygen in the effluent 
gas. Iron oxide added at this time should speed 
the carbon elimination. The reaction of added iron 


oxide with carbon should be thermally self sus- 
taining because so much of the carbon is eventually 
burned to CO,. In Heat No. 22, tables III and IV, 
where mill scale was added at this period, there 
was a precipitate drop in carbon without loss of 
temperature. The mill-scale additions were later 
overdone, however, and the slag was chilled to 
the extent that it became inactive near the end 
of the heat and even caused a false indication at 
the flame-drop (final carbon, 0.26 pct). 


Afterblow: After the flame-drop, the CO and CO. 
contents of the gas drop rapidly toward zero, while 
the free oxygen increases rapidly. There is noth- 
ing left to burn now except iron, and the low 
total oxygen content shows that about half the 
oxygen of the blast is burning ‘iron. The effect of 
afterblow is best illustrated in Heat No. 28, fig. 9, 
where it was continued for 4% min. For the first 
2 min of the afterblow, the bath temperature re- 
mained constant but then increased sharply and 
reached the highest temperature (3250°F or 1790° 
C) of any heat except No. 27 where oxygen-enriched 
air was used. This vindicates Hall’s’ contention 
that the burning of iron can furnish considerable 
heat. In the last 3 min before the flame-drop, 
when considerable iron is being burned, however, — 
there is normally a slight drop in temperature. In 
Heat No. 28, the burning of iron during the after- 
blow caused an excessively low yield of 75 pct of 
the iron in the pig. For high yields, the blast should 
be stopped as soon as possible after the flame-drop. 


Phosphorus Elimination: It is quite appropriate 
to compare this operation to the bottomblow basic 
or Thomas process. The normal change in composi- 
tion of metal with blowing time in basic bottom 
blowing is shown in fig. 11. It will be noted that, 
while the elimination of silicon, manganese, and 
carbon is very similar in the two processes, the 
course of phosphorus elimination is significantly © 
different. In basic bottom-blowing practice, no 
important quantity of phosphorus is removed up 
to the flame-drop and the afterblow is necessary 
for phosphorus removal. In the new process, on 
the other hand, all of the phosphorus that is going 
to be eliminated is out by the time the flame drops. 
In a number of heats where the blast was con- 
tinued for 1 to 4.5 min after the flame-drop, no 
advantage in phosphorus removal was obtained. 
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Fig. 4—Heat 19. 


First slag removed after blowing 5 min. 


In Heat No. 28, phorphorus reversion occurred 
during the afterblow, but this is attributed to the 
unfavorable temperature increase. 

In bottom blowing converter practice, the air of 
the blast contacts the iron first and all of the 
oxygen is combined before it reaches the surface. 
Any oxygen the slag gets must be obtained from 
the iron, and that is not enough for phosphorus re- 
moval as long as any carbon remains. In surface 
blowing, the blast contacts the slag first and a 
strongly oxidizing slag is maintained throughout 
Indeed, it is probable that the bath 
obtains a substantial portion of the oxygen it uses 
from the slag instead of directly from the blast. 
That would explain why low blast pressures were 
so effective in these experiments. 

Slag basicity is also necessary for phosphorus 
removal, and enough lime had to be added to leave 
a notable excess after part of it was neutralized 
by the silica. Most of it was added as quarter-inch 
burned lime. For the single-slag heats, a quantity 
of 60 to 90 lb or 120 to 180 lb per ton of pig iron 
seemed ample to lower the phosphorus to basic 
open-hearth ranges, provided the bath temperature 
was not unfavorably high. In tables III and IV, it 
may be seen that in Heat 13 an addition of 60 lb 
lowered the phosphorus from 0.333 to 0.017 pct. 
The slag on this heat contained 29.7 pct CaO and 
41.7 pct FeO +Fe.O;. The temperature was normal 
at 2950°F (1620°C). Heat No. 27 had an addition 
of 90 lb of lime and yet finished at 0.027 pct 
phosphorus. The slag contained 23.6 CaO and 34.4 
pet combined iron oxides. The relatively poor eli- 
mination of phosphorus in the latter heat is attrib- 
uted to the abnormally high temperature of 3170°F 
(1740°C) due to the use of oxygen-enriched air. 
It should be mentioned that the high MgO content 
of these slags was caused by contamination from 
lining material. The bulk of this came from spall- 
ing rather than erosion and often unfused pieces 
were found in the slag. Obvious pieces were dis- 
carded in sampling the slag. 


IL 
TIME -MINUTES 


Two-slag operation. 


Blast volume reduced to 500 cfm at 912 min. 


The MgO naturally contributed to the basicity of 
the slags and from that standpoint undoubtedly 
helped dephosphorization. In all of the single-slag 
heats, except those to which additions were made 
after the flame-drop, there was a marked tendency 
for the slag to end up with the following approxi- 
mate contents: 


CaO +MgO = 30-40 pct FeO + Fe.0, = 30-40 pct 
MnO = 7-9 pct SiO, = 8-10 pct 


In Heat No. 30, a burned-lime addition of 60 lb 
was made early, and then in the 9th min, 65 lb of 
calcium ferrite, containing 47 pct CaO and 41 pct 
Fe.O;, was added. Burned lime added at this time 
would not have gone into solution in the slag. The 
calcium ferrite blended with the earlier slag per- 
fectly because of its low-melting point (about 
2200°F or 1200°C). Although the opinion is held 
that it should have been added somewhat earlier 
for best effect, it did a gratifying job of dephos- 
phorization. 

Two-slag Operation: A number of heats were 
made in which a flush slag was taken off early in 
the heat to remove the bulk of the silica, and thus 
minimize the lime requirements. <A little lime was 
added to the first slag to protect the lining, but most 
of it was added to form the second slag. It was 
found that the best time to stop the blast and take 
off the first slag was immediately after the silicon 
was all oxidized. It was taken off too early in 
Heat No. 19, fig. 4. If the carbon boil was allowed 
to get well under way before shutting off the blast 
and removing the first slag, it was difficult to reach 
the same rate of boil again and the temperature 
loss was not recovered. Heat No. 15 (tables III and 
IV) is a good example of what can be done in the 
two-slag practice. Phosphorus was lowered from 
0.326 to 0.010 pct. with the use of only 45 Ib of 
burned lime. 


The two-slag practice requires extra labor and 
extra time, while causing loss of sensible heat and 
loss of iron with the slag. It is questionable whether 


702—JOURNAL OF METALS, APRIL 1950, TRANSACTIONS AIME, VOL. 188 


040r 4.00 


i 


° 
oO 
) 
ow 
a 
3° 


3 
2 
2 


o 
8 
START OF LIME ADDITI 
Oo “ END OF 
LIME Al 
TION-30 


3100 


° 


ce) 
fo} 
8 
N 
b 
fo} 


8 
8 
© 
8 


PHOSPHORUS - SULPHUR-PER CENT 


TEMPERATURE -°F. 
x) 
® 
8 
CARBON - MANGANESE - SILICON- PER CENT 


2700 0.12 


P iy a 
fe} fo} 


0.04} 0.40 | SULPHUR 


J 
= 2% 
=u— oO 
ARBON es ai 3 8 
hae ze 2a 5 
D oO; ag Te 
a F2 Wo a- 
ra] x uo Bu & 
4 Law Ss cs a5 6 
(25.97 74--~ SSeS a 
ei) t= TOTAL OXYGEN 3& Ww] uw 
} < ase O12 mee 22 
x ~ 4 3, za 
2.80 1 g Oo > 3B 4/ % © 20 
Y = TEMPERATURE 5 =-os+4 «|i, & 
—— WwW 
| CARBON DIOXIDE i a baa 
\ & % 
Sorat £414 o 
\ o | 
\ 2 
\— io £ 
4 S 
yt ofS 
Lx OXYGEN 6 8 
46 
oO 
pair a aa 2 
LC) 
[ ? 
MANGANESE 
O 


: (Eas: 


Vv 
ote eae Meese 
4 5 6 Té 


TIME - MINUTES 


9 10 HW 12 13 14 15 16 17 


Fig. 5—Heat 23. Standard blowing conditions. 
Mill scale added at flame-drop. 


these disadvantages are offset by a saving of some 
30 to 40 lb of burned lime per ton of pig iron used. 

Sulphur Elimination: Although the strongly oxi-- 
dizing conditions that exist during such an opera- 
tion would not ordinarily be considered ideal for 
sulphur removal, it has come to be well known 
that a slag, if sufficiently basic, will remove sulphur 
from steel even under oxidizing conditions. In the 
present tests, the sulphur of the pig iron averaged 
0.035 pet and that of the finished metal of all the 
heats averaged 0.021 pct, with a maximum of 0.028 
pet and minimum of 0.011 pct. 

Most of the sulphur eliminated was eliminated in 
the first 4 min of the heat, but there was usually 
a gradual reduction up to the end of the heats. 
High temperature seems to favor desulphurization, 
and the two high-temperature Heats, Nos. 27 and 
28, had good sulphur elimination. On the other 
hand, high basicity without high temperature can 
give excellent desulphurization as shown by Heat 
No. 30. 


Slopping: Slopping or violent ejection of slag 
from the mouth of a converter is a serious trouble 
often encountered in acid practice for both bottom- 
blowing and Tropenas-type converters and in bot- 
tom-blowing basic converters. Some bad slopping 
was encountered in the early heats of these experi- 
ments until it was discovered that the slopping 
could be prevented by maintaining a limey slag. 
In the two-slag practice, the first slag slopped badly 
if the carbon boil was allowed to start before the 
slag was removed. By adding lime early and main- 
taining a limey slag, trouble with slopping was 
absent until Heat No. 20 (see tables III and IV). 
During this heat, 15 Ib of mill scale was added, 
but in addition, an excessive amount of iron was 
oxidized. As a result, the slag formed was low in 
lime, high in iron oxide, and very fluid. Slopping 
toon the end of the heat was very bad, large 


“pancakes” of slag being ejected. After this heat, 
the low-lime high-iron oxide slags were avoided 
and there was no further trouble with slopping in 
the program at Battelle. 

In subsequent, large-scale tests described in more 
detail later, other factors were noted which seemed 
to have an important influence on the tendency 
for slag ejection. A slag too thick and viscous was 
almost as bad as a slag too thin. When the jet velo- 
city exceeded about 500 fps (340 mph), slopping 
was greatly intensified and it appeared that this 
was about the maximum jet velocity that could be 
tolerated. 


One very important factor seemed to be the con- 
tinuity of the carbon boil. When air is introduced 
at too slow a rate to promote a strong and continu- 
ous oxidation of carbon, the boil becomes inter- 
mittent, quiescent periods alternating with violent 
eruptions. During the quiet period, a high potential 
of iron oxide builds up, and the subsequent boil is 
almost explosive when its starts. Much slag is then 
ejected, often as exceptionally large “pancakes.” A 
similar phenomenon occurred in some of the experi- 
mental heats but only at the very beginning of the 
earbon boil. This is illustrated by Heat No. 24, fig. 6. 
Near the end of the silicon oxidation, there was a 
relatively quiet period where the flame had low in- 
tensity. This was followed by a violent boil during 
which slag was ejected for about a half minute. 
After that, the boil was maintained at a steady, 
‘high level, and no more slag was thrown out. A 
steady boil, even though intense, keeps the slag in 
constant agitation, promotes proper temperature 
and viscosity, and prevents the formation of large 
gas pockets. A rough analogy would be a beaker of 
water which boils steadily when boiled rapidly but 
which will eject water when boiled too slowly. 


Blast: A nominal blast volume of 750 cfm de- 
livered for 12 min was found to be sufficient to blow 
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Fig. 6—Heat 24. 


Blast rate increased about 25 pet, decreasing blowing time proportionally. 


1000 lb of pig iron. This calculates to 18,000 cf per 
ton of pig. For most of the heats, this was delivered 
through seven 1l-in.-diam jet-pipes. The pressure 
required to deliver this volume varied from about 
25 oz at the start of the heat when the jet-pipes 
were clear, to 45 oz later in the heat when jet-pipes 
were partially blocked by slag which tended to chill 
around the exit ends. This slag was readily removed 
by thrusting a steel rod through the pipes. 

A rate of 750 cfm through 1-in. jet-pipes gave a 
linear velocity of about 330 fps. This seemed to be 
close to the minimum velocity that would keep the 
pipes open, because when the blast volume was re- 
duced to 500 cfm with a decrease in velocity to about 
240 fps as in Heat No. 19, fig. 5, the pipes promptly 
plugged. Even though they were opened up and the 
blast volume later restored to 750 cfm, normal 
operation could not be regained. 

In Heat No. 25, fig. 7, the 1-in. pipes were re- 
placed with %-in. pipes and the pressure stepped 
up to deliver the same nominal volume of 750 cfm. 
The maximum pressure was 44 oz, but the jet 
velocity was increased to 430 fps. The time to drop 
of flame was 12 min 55 sec or 40 sec longer than 
Heat No. 23. A comparison of average flow rates and 
times indicated that almost exactly the same total 
amount of air was used in both heats. Except that 
the bath temperature of this heat was unusually 
high, the higher jet velocity seemed to have no 
effect. 

The total amount of air required, or rather the 
total oxygen delivered by the air, was very con- 
sistent. When the blast rate was increased from 750 
to 1000 cfm and the jet velocity to 440 fps, as in 
Heat No. 24, fig. 6, the whole cycle was speeded up 
and the time to drop of flame was lowered to just 
over 9 min. This reduction in time is inversely 
proportional to the rate of air input. The gas com- 


position and other conditions of this heat were 
virtually unaltered. 

In Heat No. 27, fig. 8, the oxygen content of the 
blast was increased to 25.6 pct by bleeding tank 
oxygen into the air delivery pipe. The blast rate of 
enriched air was maintained as close to 750 cfm as 
possible. Again, the cycle was speeded up with a 
flame-drop at 9 min. Thus, with the oxygen content 
increased by 25 pct, the time was shortened by 25 
pet or in inverse proportion to the oxygen content. 
In this heat, the total oxygen content of the gases 
was higher than normal as might be expected, and 
at the peak of the heat, the CO content of the gas 
was definitely higher than the CO, eontent. The bath 
temperatures were very high, a maximum tempera- 
ture of 3250°F (1790°C) being recorded near the 
end of the heat. 


Blowing Angle: Blowing angles (the angle of the 
jet-pipes from the horizontal) of from 10° to 18° 
were used. This angle did not appear to be critical, 
but a median angle of about 14° seemed to work 
very well. 

Recoveries: On such small-scale operation, it is 
difficult to obtain reliable figures on yields or re- 
covery. Spills and metal lost in slagging operations 
are apt to be a larger portion of the total than in 
large-scale operation. Even the samples taken con- 
stitute a significant percentage of the total. By 
weighing all of the scrap and the samples taken, in 
addition to the bulk metal, the figures listed in table 
III were obtained. These indicate that at least 90 
pet of the iron in the pig iron can be recovered in 
good operation. Over-blowing appears to be one of 
the most serious causes of low recoveries. 

The principal loss of iron is by oxidation and most 
of the iron oxide formed enters the slag. If the slag 
weights were known, the amount of iron lost this 
way could be calculated from the slag analysis. It is 
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Fig. 7—Heat 25. 


Tuyere velocity increased to 430 fps without change in volume. Very little effect on progress of blow. 


even more difficult to obtain accurate slag weights 


than to get good metal weights. If it is assumed, 
however, that the only source of CaO is the burned- 
lime addition and that all of this enters the slag, 
then the slag weight may be estimated from the 
CaO content. The same thing can be done for silica 
assuming that the only sources are the burned lime 
and the silicon of the pig iron. MnO also has but 
one source, the manganese of the pig iron. 

In table VI, slag weights of eight single slag heats 
have been estimated on the basis of analysis and 
available CaO, SiO., and MnO, respectively. It will 
be noted that there is considerable discrepancy 
among the weights estimated from these three con- 
stituents in some heats, but there are also some good 
agreements. 

From the average of the three estimated weights, 
the total iron content was calculated. After sub- 
tracting the iron added as mill scale, figures are 
obtained for the iron oxidized from the pig iron, 
both in pounds and as per cent. These indicate that 
it is possible to operate without losing more than 
7 or 8 pct of the iron content of the pig iron to the 
slag. By comparing these figures with those of the 
last column, which represents iron loss calculated 
from the weights of pig iron and finished metal, it 
appears that mechanical losses played an important 
part in the recoveries. 

Refractory Life: The experimental operation was 
not conducive to good estimates of the probable 
refractory life or cost. Only one heat was made in 
one day, and often there were several days or even 
a week between heats. A small gas flame kept the 
refractory lining from getting cold, but frequent 
‘cooling and heating cycles are especially hard on 
basic refractories. Some loss by spalling occurred in 
‘practically every heat, but it was mostly from the 
upper parts of the lining, well above the slag line. 


Chemical erosion in the hearth area was very 
slight and there was no evidence at all of cutting 
at the slag level. When the original jets (of 1 in. 


- steel pipe) were replaced after 24 heats, it was 


found that they had been shortened by 1% in. and 
were still flush with the refractory surface. 


Fumes: Compared to the Bessemer or Tropenas 
processes, the fumes given off during the blowing 
period in the new process were relatively small in 
volume. None was visible in the atmosphere of the 
laboratory building where the tests were conducted, 
for it remained clear at all times. Observations of 
the stack showed that some brown fumes were 
emitted for 2 to 3 min at the start of blowing (prob- 
ably manganese oxide), but only thin white fumes 
were produced for the remainder of the heat. 

Large-scale Tests: Following the experiments on 

the 1000-lb hearth, a series of large-scale heats 
were made at the South Works’ Plant of the Car- 
negie-Illinois Steel Corporation.* This work was 
done in a hearth designed and built by the Jones 
and Laughlin Steel Corporation where it had been 
tested with an acid lining. A basic lining was in- 
stalled at South Works and fifteen experimental 
heats were made with charges of 25 and 30 tons of 
hot metal, using fixed jets to surface-blow the 
metal. 
. Many operating problems still remain to be 
worked out before smooth practice can be estab- 
lished, but these commercial-scale tests completely 
corroborated the results of the laboratory tests as 
far as the chemistry of the process is concerned. For 
example, the iron and finished metal compositions 
on one heat were as follows: 


Cc Mn P Ss Si N 


Hot-metal analysis 4.39 2.08 0.228 0.031 0.96 0.003 
Finished-metal analysis 0.015 0.037 0.008 0.019 0.003 0.002 


TRANSACTIONS. AIME, VOL. 188, APRIL 1950, JOURNAL OF METALS—705 


Table VI. Calculated Slag Weights and Estimated Iron Contents 


The usual bend tests were made on 
1144-in.-wide specimens of full plate 


thickness. All of these specimens not 
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Table VII. Composition of Plate Used for Comparison of Bessemer, 


Open Hearth, and Speciai Process Steels 


400°F were applied. The specimens 
were then put back in the tensile ma- 
chine and tested to failure. By com- 


Composition, Pct 


- paring the results of this testing with 


Type Heat No. those obtained in the customary tensile 

AN sa = Sa A eee test, it was possible to evaluate the 

Bessemer Y-4836 0.15 0.45 0.087 0.038 0.017 0.006 0.005 0.008 effect of the above aging treatments, 
Special Process after 10 pct straining, on the increase 
No. 1 4017, Heat 23 | 0.18 0.68 0.027 0.019 0.102 0.005 0.020 0.902 in true stress at 10 pct strain, and the 
Special Process increase in tensile strength and the 
No. 2 4605, Heat 32 | 0.26 0.52 0.022 0.024 0.086 0.007 0.013 0.003 loss-in uniform elongation, total elon- 
Open Hearth 72L083 0.26 0.47 0.014 0.034 0.075 0.006 0.009 0.003 gation and reduction in area. The 
data obtained showed that the two 

On another heat, a rimmed ingot of the following Table VIII. Longitudinal Tensile Results on Materials 


composition was produced: 


Normalized at 1700°F for One Hour 


Cc Mn P Ss Si N 


1.58 0.214 0.039 0.70 0.002 


Hot-metal analysis 
Bale analyse 0.38 0.020 0.013 0.005 0.003 


Ladle analysis 


Three of the best 30-ton heats, those which had 
the shortest blowing times, used very close to 18,000 
ef of air per ton of hot metal charged, which is in 
~ excellent agreement with the small-scale tests. 


Mechanical Properties of Finished Product and 
Comparison with Those of Commercial Bessemer - 
and Open Hearth Steel 


During the experimental program, some of the 
heats were raised in carbon, manganese, and silicon 
by the addition of carbon and of ferroalloys and 
deoxidized by aluminum to produce ingots of semi- 
killed plate and structural grade. The one-half-inch 
test pieces which were processed from two of these 
ingots are designated in the following text as Special 
Process No. 1 and Special Process No. 2. The me- 
chanical properties of these test pieces were com- 
pared with those of specimens from plates processed 
from a representative Bessemer blow and a repre- 
sentative open hearth heat. In selecting the material, 
the composition, particularly with respect to carbon 
and manganese, was specified to permit a compari- 
son at approximately the same strength level after 
normalizing. Because the subject steels from the 
three processes were reduced to %-in.-thick plates 
by methods which were not identical, it was not 
feasible to control the finishing temperatures, in the 
range desired. Hence, all of the materials were 
normalized for 1 hr at 1700°F before testing. 

The specimens used for making tensile tests had 
reduced sections, 4% by % by 2% in. long, and gauge 
lengths of 2 in. This specimen size was adopted so 
that the existing extensometer equipment could be 
utilized; consequently, the per cent elongation is 
reported in a 2-in.-gauge length. 

The chemical compositions of test specimens in 
per cent as obtained by check analyses appear in 
table VII. 


Special Special 
Process Process Open 
Tensile Properties Bessemer No. 1 No. 2 Hearth 
Upper yield, psi 41,850 35,450 36,550 36,300 
Tensile strength, psi 61,050 60,450 66,850 64,550 
Elongation in 
2 in., pct 37.5 35.7 35.2 37.5 
Reduction in area, 
pet 64.7 56.8 57.7 61.6 


special process heats performed similarly to the 
open hearth heat and both steels performed dif- 
ferently from the Bessemer steel. The same differ- 
ences were brought out by hardness tests conducted 
before and after both straining and strain aging. 

Another more commonly used test for determin- 
ing strain aging was tried on the steels tested. This 
is the familiar concrete-bar test in which test speci- 
mens are bent 90°, aged at 550° for 1 hr and un- 
bent. In this test, the Bessemer steel fractured with 
practically no deformation on unbending, whereas, 
specimens of the two special process steels and the 
open hearth steel unbent to a flat position without 
developing cracks. 

Transition temperatures were determined on all 
of the materials in the normalized condition using 
Charpy keyhole notch-bar impact specimens. It was 
found that the special process steels were compar- 
able to the open hearth steel and had lower transi- 
tion temperatures than the Bessemer steel. 

Charpy notch-bar impact tests were also con- 
ducted on these materials in both the strained and 
strain-aged conditions. The results indicate that the 
effects of both straining and strain aging are great- 
est in the Bessemer steel, and that the special pro- 
cess steels are much more like the open hearth steel 
in this respect. 

One method sometimes used to evaluate strain 
aging is to compare the tensile strength at room 
temperature with that at approximately 400°F. 
Materials showing a gain in tensile strengths at 
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400°F are said to be susceptible to strain aging, and 
the degree of strain aging is judged by this increase. 
The strain-aging propensity of the two special pro- 
cess steels in this test is comparable to that of the 
open hearth steel. 

Heats made later at South Works by the special 
process, cast as ingots and rolled into plates were 
subjected to a number of the above tests (ordinary 
and extraordinary) to determine whether the prop- 
erties differed from those of open hearth steels. It 
should be realized that the compositions were such 
as to give “as-rolled”’ tensile strength ranging from 
45,000 to 49,000 psi, so that a direct comparison with 
the properties of the Battelle heats could not be 
made. However, the customary tests indicated that 
the tensile and bending properties of the South 
Works special process steels were equivalent to 
normal open hearth steel properties for a similar 
composition. In addition, the reverse bend tests 
indicated clearly that the material performed as 
well as open hearth steel. The Charpy transition 
temperatures were favorable and the amount of 
strain aging exhibited in the Charpy tests was ap- 
proximately the same as that previously exhibited 
by the Battelle heats. It was, therefore, concluded 
that this special process material behaves in a like 
manner to open hearth steel of similar composition. 


Summary and Conclusions 


Laboratory tests on 1000-lb charges of hot metal 
showed that surface blowing in a basic-lined hearth 
to produce steel from basic pig iron is chemically 
sound and metallurgically feasible. 


TIME - MINUTES 
Fig. 8—Heat 27. 


Blast air enriched to 25.6 pct Oo Blowing time decreased 25 pct and temperature raised markedly. 


No special compositions of hot metal are required, 
standard basic pig iron is entirely suitable. 

Carbon flame-drop was abrupt and was an accu- 
rate indication that the carbon content was close to 
0.05 pct. 

The time of heat was a function of the rate of air 
input or of oxygen input when oxygen-enriched 
air was used. Average process time was 12 min. The 
total air requirement was at the rate of 18,000 cf per 
ton of hot metal and blast pressures of less than 3 
psi were used. 

A substantial part of the temperature gain was 
found to be from the oxidation of about half the 
carbon to COs. 

Carbon can be oxidized to below 0.03 pct, manga- 
nese below 0.1 pct, and silicon below 0.01 pct. 

Nitrogen can be maintained at about 0.003 pct. 

Up to 97 pct of the phosphorus and up to 50 pct 
of the sulphur can be eliminated. Phosphorus and 
sulphur were removed by the time the flame 
dropped, and no afterblowing was necessary or de- 
sirable. 

Burned-lime requirements were from 120 to 180 
lb per ton. 

The fumes produced were definitely less dense 
than in the acid Bessemer process, and slopping was 
controlled to the point where it was no problem. 

Commercial-scale tests, using as much as 30 tons 
of hot metal, corroborated the findings of the labo- 
ratory experiments. 


Mechanical properties of the steel produced are 
such as to place them in the same limits as open 
hearth steel of a similar composition. 
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The Calbeck Process for Refining Zinc Oxide 


by John H. Calbeck, 


William T. Maidens 


and Oscar J. Hassel 


The rotary gas fired reheating furnace used by the American Zinc Oxide Co. at 
Columbus, Ohio for refining lead-free zinc oxide is described. The outstanding fea- 
tures of this operation are that the color of the zinc oxide is greatly improved, sulphur 
is eliminated, and cadmium recovered without densifying the product to an objection- 

able degree. 


ac 1919 Leland S. Wemple obtained a patent for a 

process of reheating zinc oxide wherein the 
“coarsening of grain due to excessive heating was 
avoided.” He taught in his specification that if solid 
carbonaceous material, such as lamp black, was 
added to the zinc oxide in proper amounts prior to 
reheating, objectionable sulphur compounds could 
be removed and the color would accordingly be im- 
proved and no objectionable densification would 
occur because of the relatively low temperature re- 
quired. The situation that made this invention im- 
perative was the newly opened zinc oxide plant of 
the American Zinc, Lead & Smelting Co. in Hills- 
boro, Ill. This was one of the early Western Type 
American Process zinc oxide operations. Character- 
istic of all of these early Western operations using 
Tri-State and Western ores was the great difficulty 


encountered in obtaining a product low enough in_ 


sulphur to compete with the Eastern Type American 
Process zinc oxides which were made from ores 
containing very low sulphur percentages. Wemple 
demonstrated that the refining process of his inven- 
tion produced a superior color and although this 
was true and a most welcome feature, the primary 
purpose of the early refining operations at Hillsboro 
was to reduce substantially the high sulphur con- 
tent of the crude zinc oxide. 

Although many and varied attempts had been 
made for refining zinc oxide none of the processes 
had a commercial history of any consequence until 
Wemple’s invention became standard practice for 
the American Zinc, Lead & Smelting Co. in 1919 
and their operations have been unique in that sub- 
stantially all of their lead-free zinc oxide has been 
reheated since the first installation at Hillsboro. This 
process has become known in the industry as re- 
fining. : 

The furnace developed by Wemple and continued 
in use by the company from 1919 until 1943 was 
unusual and merits some consideration by way of 
review in this paper. The furnace was essentially a 
double hearth coal-fired muffle furnace with a me- 
chanical raking system consisting of a central shaft 
supporting six rabble arms in each muffle. The un- 
treated or “crude” zinc oxide was fed onto the outer 
rim of the top muffle, moved to the center where it 
dropped to the lower muffle and progressed to the 
outer rim where it was discharged into an alloy 
screw conveyor. The retention in this furnace was 
extremely short, about 5 min, and the shallow zinc 
oxide bed on the hearths of the muffies was being 
continuously turned by the fast moving. rabbles. 
Soft coal was burned on the grates below the lower 
muffle and the long yellow flame necessary to carry 


the heat around both muffles resulted in a very in- 
efficient combustion of the fuel. The temperature of 
the top of the lower muffle seldom exceeded 650°C 
although the oxide itself often reached 700°C before 
discharge. The capacity of this furnace was approxi- 
mately % ton per hr. In our plant at Columbus it 
was necessary to keep four of these furnaces run- 
ning in parallel to take care of the production be- 
cause, as mentioned above, every pound of zinc 
oxide produced during these 24 yr passed through 
one of these refining furnaces. An essential part of 
this refining operation was the use of carbonaceous 
material admixed with the zine oxide fed to the 
furnaces. Between 1 and 2 pct of a bran produced 
in the processing of cotton seed was added to all 
zinc oxide charged to the furnaces. The bran ignited - 
on the top hearth and was still burning when the 
charge fell from the top hearth to the bottom hearth 
making a cascade of sparks. The rapid turning of the 
zinc oxide caused these particles of bran to flash on 
the hearths behind each rabble; but the combustion, 
of necessity, had to be complete by the time the 
charge reached the outer rim of the bottom hearth, 
otherwise the finished product would be contami- 
nated with the charred particles of bran which 
would give the zinc oxide an unsatisfactory color. 
Although this operation was initiated to reduce ob- 
jectionable sulphur percentages, as time went on 
new properties of the product were appreciated 
which made advisable continuing the refining proc- 
ess long after other methods of sulphur reduction 
became known in the industry. The particle size 
and particle size distribution, the absence of col- 
loidal fines and perhaps a unique surface condition 
gave this product an outstanding performance when 
used in paints. 

The Wemple furnaces installed in Columbus in 
1919 had to be rebuilt frequently and were extrava- 
gant in the use of fuel. The raking mechanism and 
the muffles required excessive maintenance ex- 
pense and as the furnaces wore out the problem 
arose whether to continue along this line or to 
explore the possibilities of obtaining similar or 
better results in the simpler and more commonly 
used rotary furnace. To this end special research 
was initiated in 1941 on a small laboratory rotary 
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Fig. 1—Experimental refinery kiln including large 
combustion chamber or “Dutch Oven.” 


furnace illustrated in fig. 1. Studies with this little 
apparatus developed all of the qualities of the 
Wemple furnace and in addition it was discovered 
that between 66 and 90 pct of the cadmium content 
of the crude oxide could be recovered. The rapidly 
growing demand for cadmium made this a most at- 
tractive feature. A large rotary furnace was in- 
stalled in 1942 and has been in continuous opera- 
tion at Columbus since 1948. 


Equipment of the Process 


The furnace installation that emerged after more 
than a year of tedious development, work and study 
is illustrated in fig. 2. The installation consists of 
three essential parts: 1. The rotary furnace proper 
with the usual drives feeding and discharging 
equipment. 2. The dust collection equipment. 3. The 
gas proportioners, combustion chamber, automatic 
controls, recirculation system, and the arrangement 
for periodically alternating the furnace atmosphere 
from reducing to oxidizing. 


The Furnace: The furnace consists of a rotary kiln 
the shell of which is 6 ft id and 70 ft long mounted 
in the usual manner with the exception that a slope 
of 1 ipf is used rather than the conventional 1% ipf. 


ROTARY SEAL 


RETURN 


WEARING RING 
@ SEAL 


Fig. 2—Schematic drawing of the final installation. 


Special air-tight seals were designed for both ends. 
Fig. 3 is a drawing of the seal on the discharge end 
of the kiln and fig. 10 is a photograph of the furnace 
showing the seal. This type of seal has proved ex- 
ceptionally efficient. As will be seen from the draw- 
ing, the packing gland is designed to function only in» 
a direction parallel to the axis of the furnace and is 
not affected by the rotary motion which is most de- 
structive to the packing in a gland of this diameter. 
The rotary motion is taken care of by the wearing 
ring and plate which provide also for whatever 
eccentricity that may develop. 

The furnace is insulated and lined throughout its 
length with 2 in. of Johns-Manville insulation and 
inside of the insulation with 4 in. fire clay kiln 
blocks for 64 ft of its length. At the discharge end, 
6 ft is lined with Carbofrax circle brick. This was 
found necessary to prevent incrustations forming 
too rapidly. The discharge end requires occasional 
cleaning with a cutting tool. 

The crude oxide from the baghouse is delivered 
by a belt conveyor to a 30 ft bucket elevator and 
then to screw conveyors which convey it to one of 
the two rotary refining furnaces. The screw con- 
veyors delivering the oxide to the furnaces are 
equipped with seals to prevent the cadmium laden 
fume of the furnace from escaping to the building 
through the conveyors. 

The crude zinc oxide is fed at a uniform rate and 
because of the slope moves rapidly through the first 
20 ft of furnace length. As a matter of fact, it moves 
so rapidly that lifters or retarders have to be pro- 
vided to hold back this rapid movement through 
the remaining 50 ft or reaction zone. Fig. 4 and 5 
are photographs of the interior of the furnace show- 
ing the retarders. The movement of the oxide through 
the furnace is more rapid than the normal equation 
for the movement of solids through rotary kilns 
would indicate. When zinc oxide has reached a red 
heat the agitation due to rotation (1.88 rpm) is such 
as to fluidize partially the charge and if it were not 
for the retarders the oxide would run through the 
furnace like water reducing the retention time after 
red heat to less than 2 min. The retarders, there- 
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fore, inhibit this rapid flow and retain above each 
retarder a pool of partially fluidized zinc oxide. The 
net result is a retention time of between 15 and 35 
min depending upon the density of the crude oxide 
being fed. The retarders also provide ample agita- 
tion in the reaction zone. There are 5 rings of re- 
tarders spaced 10 ft apart in the reaction zone. Each 
ring consists of 8 castings of an alloy analyzing 
10-13 pct nickel and 26-28 pct chromium. 

The discharge screw is of cast alloy flights mounted 
on a 4 in. stainless steel tube. The hot oxide is 
dropped on a steel apron conveyor 36 in. wide and 
80 ft long running at a rate of 20 fpm which delivers 
the oxide to a 100 ft rubber belt conveyor which 
conveys it to the packing house. The discharge 
screw and the end of the apron conveyor are shown 
in fig. 10. Occasional stationary rakes along the 
length of the apron conveyor turn the oxide and 
» level it so that it has cooled to a safe temperature 
by the time it reaches the belt conveyor. 


Dust Collecting System 


The gases issuing from the furnace are laden with 
a mixture of cadmium fume and zinc oxide dust 
and all of this must be recovered. The gases first 
pass through the cyclone where most of the zinc 
oxide dust falls out. (Fig. 2.) The cadmium content 
of this dust will run from 2 to 10 pct but it is all 
returned to the feed and represents approximately 
1.3 pet of our daily production. This is a remarkable 
figure in view of the agitation caused by the lifters, 
the speed and slope of the furnace, and the light and 
dusty character of the product being treated. Addi- 
tional dust and fume pass from the cyclone to the 
coolers-from which about 600 lb per day is recov- 


ered. This production will run approximately 17 to 


20 pet cadmium and is too valuable to return to the 
feed. An additional 700 lb of dust is recovered from 
the three Dracco filters every day and has ‘a cadmium 
content of between 22 to 40 pct. The dust from the 
coolers and the filters is combined, packed in paper 
bags and is either sold or treated for the recovery 
of metallic cadmium at our Fairmont City plant. 
This Dracco filter installation merits some special 
discussion. This unit consists of three tanks in 
parallel and each contains 18 woolen bags 8 in. in 


WEARING RING 


diam at the bottom, 5 in. in diam at the top and 
117 in. long. The standard Dracco compressed air 
shaking mechanism is used but the rotary Dracco 


_ timing valve has been replaced by three solenoid 


valves (one for each tank) which are actuated by 
the electrical timing device that times the alterna- 
tions of the burners to be described later. The shak- 
ing is thereby synchronized with the burners so that 
shaking always occurs on an oxidizing cycle when 
the quantity of solids in the fume is small. Dust 
collection is heavier on the reducing cycle and maxi- 
mum efficiency of the bags is required during this 
cycle. The bags in each tank are shaken for 20 sec 
during each oxidizing cycle, one tank at a time. 
Insulation of the Tanks: All three filter tanks are 
heavily insulated as are both manifolds, the dis- 
charge hoppers, screw conveyor and rotary seal. 


_This is extremely important because the use of 


woolen bags is possible only if the temperature is 
maintained between the dew point of the gases and 
the maximum temperature that the bags can with- 
stand, approximately between 140 and 220°F. The 
dust collected carries from 2 to 8 pct Cl, as zine 
chloride and although this is not destructive to wool 
at temperatures above the dew point, it is extremely 
corrosive at lower temperatures. If condensation 
occurs in the system and water gets on the bags, 
they are ruined in a few hours. The heavy moisture 
content of the gases by reason of burning natural 
gas makes necessary this insulation to prevent con- 
densation at any time in the filter tanks. 

To maintain the temperature in the filter tank 
summer and winter, the cooling tubes are enclosed - 
in a housing with adjustable louvers at the top. 
Manual control of these louvers regulates the cir- 
culation of air through the housing and controls the 
temperature satisfactorily. The common expedient 
of allowing diluting air to enter the gas stream to 
control the temperature cannot be resorted to be- 
cause a tight system must be maintained and no 
tramp air admitted. 


Burners, Combustion Chamber, Automatic Controls 
and Recirculation Feature 

Natural gas is used for fuel and the burner setup 

is illustrated in fig. 6. Two proportional mixers are 
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Fig. 3—Discharge end of furnace including “Sealing Ring” and combustion chamber. 
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Fig. 4 and 5—Lifters or retarders. 


mounted in parallel and a damper system operated 
by an electrical timer turns off one and turns on 
the other simultaneously at regular intervals. The 
setting of one proportioner is extremely lean, usually 
with about 75 pct excess air and the other one is 
correspondingly rich, usually analyzing about 50 pct 
deficiency in air. Now what happens is this: when 
the furnace is heated and in normal operation the 
oxidizing flame runs for 4 min. This flame passes 
through the checkerwork of the combustion cham- 
ber (fig. 2), and part of the heat is absorbed by the 
checkerwork and the remaining partially cooled 
gases pass into the furnace proper. When the 4 min 
period elapses, the electrical timer switches the 
dampers so that the reducing proportioner is put in 
operation and the oxidizing proportioner is turned 
off. This goes on for 5 min. When this overrich mix- 
ture strikes the hot checkerwork of the combustion 
chamber, a reforming of the excess methane results 
so that the composition of the gases entering the 
furnace are extremely reducing as shown in table I. 
These gases, surprising as it may seem, are sub- 
stantially clean and free of carbon or soot and may 
contain as much as 20 pct of hydrogen and carbon 
monoxide. In other words, one-fifth of the gas enter- 
ing the furnace on the reducing cycle may be carbon 
monoxide and hydrogen. This reforming action, be- 
ing endothermic, cools the checkerwork of the com- 
bustion chamber but the heat is replaced on the next 
oxidizing cycle. It is obvious that a careful adjust- 
ment must be made so that the heat withdrawn on 
the reducing cycle is replaced on the oxidizing cycle. 
If too little heat is applied on the oxidizing cycle, 
the checkerwork cools down to the point where the 
reducing flame becomes smoky. If too much is ap- 
plied, the temperature of the checkerwork increases 
to the softening point of the packing and its life is 
shortened needlessly. ; 

Two L & N Micromax recorder-controllers are 
used for temperature control. One is connected to a 
chromel-alumel couple at the discharge end and the 
other to an iron constantan couple at the feed end. 
The one at the feed end is located in the gas stream 
but the one at the discharge end is placed where 
the oxide as it is discharged from the furnace cas- 
cades over the alloy protecting tube of the thermo- 
couple. This gives an accurate temperature of the 
oxide when the furnace is discharging hot oxide but 
is very inaccurate when no oxide is passing be- 
cause it is located too low to register the tempera- 
ture of the gases. 

These L & N controllers operate separate butter- 
fly valves in the blast line through Barber-Coleman 


motor controls (fig. 6). The two proportioners are 
of the type that utilize the entrainment principle 
of a venturi to obtain a precise single valve control 
of the gas-air mixture ratios and therefore complete 
control of the burners is obtained by the butterfly 
valves in the blast line. There is also a butterfly 
valve for manual control and these three regulate 
the blast pressure in the manifold directly below 
the proportioners. There is a butterfly valve for each 
proportioner above the manifold. These are for 
alternating the mixtures. When one is on, the other 
is off and these are operated by the Barber-Coleman 
motor which in turn is actuated by the electric timer 
that controls the cycling. In fig. 7, a control panel 
for No. 1 furnace is shown. To the left of center is 
a weightometer control and a rateograph recorder. 
At top center is a Hays 5-unit draft indicator. At 
the top left is the Draftrol which controls the pro- 
portioning valve. At the top right is a Hays recorder 
which records the burner manifold pressure and 
the recirculation differential set up in the orifice 
plate. The two Micromax controller-recorders are 
on the right below the Hays’ instruments. The 
timers are shown at the lower left. 

All of the zine oxide produced at our plant is col- 
lected in a single baghouse and delivered to the re- 
finery on a belt conveyor. A weightometer is in- 
stalled as part of this conveyor system which auto- 
matically controls the operation of the collecting 
screws so that the oxide is delivered to the belt at 
a fairly uniform rate. A recorder provides a rate- 
ograph of the feed to the furnace which runs be- 
tween 4000 and 6000 lb per hr. 

A most important part of the unit is the recircu- 
lation of part of the filtered gases through the fur- 
nace. A variable fraction of the spent filtered gases 
are recirculated to provide a constant velocity of 
the gases over the charge. This is controlled auto- 
matically by the proportional damper (fig. 2). This 
damper shunts a fraction of the filtered gases back 
into the combustion chamber to mix with the com- 
bustion gases and the remainder is exhausted to the 
air. The damper is operated by a Barber-Coleman 
motor control which in turn is operated by the Hays 
Draftrol. adjusted to maintain a zero draft at the 
discharge end of the furnace. Zero draft is necessary 
here because there is no seal on the discharge screw 
that removes the hot oxide from the furnace. 

The volume of recirculated gases is measured by 
the calibrated orifice plate in the line from the pro- 
portioning damper to the combustion chamber. The 
differential of the orifice plate is measured on the 
Hays Draft Indicator and Recorder in the control 
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room. The measured volume of recirculated gases 
amounts to between 20,000 and 40,000 cfhr. The gas 
mixture input averages between 15,000 and 30,000 
cfhr. That is to say, the recirculated gases dilute the 
combustion gases on an average of one to one. A 
high burner turn-up of 30,000 cfhr would be diluted 
with approximately 20,000 cf recirculated gases and 
a low turn-down of 15,000 cf would be diluted with 
40,000 cf, that is, the dilution ratio varies from 0.6 
to 2.6. 


The Refining Process 


As mentioned above, the oxide progresses rapidly 


through the first 20 ft of the furnace because of the_ 


slope and the rapid rotation (1.88 rpm). No bran 
or solid carbonaceous material is added to the crude 
zine oxide as was done for the Wemple furnace. 

Upon reaching the first ring of retarders, the 
downward progress is reduced and a pool of oxide 
10 in. deep forms. Escaping through the spaces be- 
tween retarders, the oxide hurries on to the second 
ring of retarders. At this point the oxide has reached 
refining temperature. Prior to this the oxide has 
been brought up to this temperature by the heat of 
the effluent gases. During the first 20 ft, much of 
the dust in the gas stream settles out because of the 
‘ slowing down of the gases. There is little agitation 
of the oxide itself in the first 20 ft, rather it scoots 
along without much tumbling or cascading. 

During the remaining 50 ft of passage through 
the tube the refining action proceeds. This is in two 
stages or cycles and consists of 4 min of oxidization 
and 5 min of reducing. The retention in the reaction 
zone varies from 9 to 35 min depending upon the 
density of the oxide. When the lighter acicular 
oxides (18 to 20 lb per cu ft) are being refined, they 
pass through the refining zone in slightly more than 
9 min, that is, they are subjected to only one com- 
plete cycle. When the heavier round particle oxides 
(30 to 40 lb per cu ft) are being refined, they pro- 
gress more slowly and are subjected to about two 
complete cycles in passing through the reaction 
zone. This refining is controlled as to temperature, 
composition of the gases and velocity of the gases, 
and the importance of the latter commands special 
emphasis. 

The refining action requires a short period of 
contact with both reducing and oxidizing gases but 
neither is effective unless the velocity of gases pass- 
ing through the furnace exceeds a minimum of 
about 20 fps (calculated to standard temperature 
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Fig. 7—Control panel. 


and pressure), but the gases of combustion neces- 
sary to maintain the required temperature do not 
provide more than one-half that velocity. To turn 
in more gases from the burners simply increases the 
operating temperature of the furnace to a point 
where densification is rapid and cannot be prevented 
regardless of the velocity or composition of the 
gases. This difficulty is overcome by diluting the 
combustion gases with clean recirculated flue gases 
before they enter the reaction zone of the furnace. 
The manner in which these diluting gases are in- 
troduced and controlled has been described above. 

Furthermore, contamination of the recirculated 
gas with air is no problem on the oxidizing cycle 
because an excess of oxygen in the gas is required. 
On the reducing cycle, however, precautions must 
be taken to prevent oxygen from contaminating the 
recirculated gases because it causes a partial or 
sometimes a complete destruction of the reducing 
atmosphere. Therefore, the entire recirculation sys- 
tem, including the cyclone, cooler, goosenecks and 
hoppers, filter tanks, fan, proportioning damper and 
all connecting pipes must be kept air-tight. The 
system is under a negative pressure of from 0.0 to 
6.5 in. W.C. except for the short length from the 
fan to the combustion chamber which is under posi- 
tive pressure. 

The volume of the recirculation system and the 
kiln is about 1500 cu ft and at normal operating 
conditions is completely changed in 134 min. Con- 
sider the shift from oxidizing to reducing. One and 
three-fourths minutes must elapse before the re- 
circulated gases entering the combustion chamber 
are substantially free of oxygen which is present to 
8 pct during the oxidizing cycle. This actually cuts 
down the reducing time of the cycle and is partially 
compensated by making the reducing cycle longer 
than the oxidizing cycle. To further offset the oxygen 
contamination a bleeder valve turns in an over- 
supply of gas into the reducing mixture for about 
1 min at the beginning of each reducing cycle. By 
the time the reducing cycle is completed (5 min) 
the oxygen content of the recirculating gases should 
be less than 1.0 pet by volume. An oxygen content 
higher than this indicates a leak in the system and 
must be corrected. 

As mentioned above, the purpose of the recircu- 
lation system is to maintain gas velocities in the 
furnace above a critical minimum. This minimum 
must be exceeded regardless of the “turn up” of the 
burners. When the burners are turned low (because 
of manipulation of the automatic heat controls) the 
volume of recirculated gases returned to the kiln 
must be high and the volume exhausted to the air 
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Fig. 8—Graph illustrating conditions on the in- 
terior of the furnace. 


must be small; in fact, the latter must equal exactly 
the burner input to maintain a proper draft balance 
in the tight system. When the burners are turned 
up the reverse is true. All this is handled by the 
Draftrol controlled proportioning damper by simply 
maintaining 0.0 draft at the discharge end at all 
times. 

For example, suppose the furnace has been operat- 
ing under light load, the burners are down and the 
recirculation is up. A surge of cold oxide is delivered 
at the feed end. The feed end control responds to the 
sudden drop in temperature and the burners are 
turned half on. This increase in gas input into the 
system gives a plus draft at the discharge end, the 
Draftrol immediately opens the proportioning 
damper to vent the extra volume and restore the 
draft to 0.0. Theoretically, the critical. gas velocity 
is that velocity at which cadmium will vaporize in 
the reducing atmosphere and temperature of the 
furnace. Actually, the oxide reaches 770°C, the 
boiling point of cadmium, just before it is discharged 
but practically all of the cadmium elimination has 
to be done at temperatures below the boiling point. 
Furthermore, the high gas velocity lengthens the 


reactive zone in the furnace and also inhibits densi- © 


fication, the reason for which is not known to us. 
However, we do know that if recirculation is im- 
paired and the reducing gas percentage falls below 
a critical minimum, sudden jumps in apparent 
density of the zinc oxide from 18 to 35 lb per cu ft 
may occur. The normal increase in apparent density 
of the packed product over the crude oxide seldom 
exceeds 1 lb per cu ft or 5 pct. 

The recirculation control maintains constant gas 
velocities throughout the length of the furnace. Cal- 
culated to standard conditions this is about 20 fps. 
Actually, it varies with the temperature and fig. 8 
illustrates how this varies with location in the fur- 
nace. A high velocity of about 80 fps extends through 
the reaction zone but drops to about one half of this 
figure for the feed end beyond the last retarder. 
Fig. 8 also illustrates the cadmium content of the 
oxide coating or incrustation of the furnace, the 
sudden break at 32 ft indicates that above this point 
cadmium is actually plating out on the incoming 
oxide during the heating period. In other words, if 
the cadmium content of the crude runs 0.45 pct then 
refining begins near the point where the incrusta- 
tions have that cadmium content. 

Second in importance to velocity is maintenance 
of proper atmospheres in the furnace. Fig. 9 shows 
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PERCENT AIR IN RECIRCULATION GAS DURING ONE CYCLE 


Fig. J—Graph illustrating composition of recircu- 
lated gas throughout a cycle. 


graphically the changes that occur during a com- 
plete cycle based on theoretical air for perfect com- 
bustion, that is, 100 pct is a perfect mixture, below 
100 pct indicates a deficiency and above an excess. 
The speed at which the atmosphere becomes strongly 
reducing is affected by the amount of raw gas bled 
into the system at the changeover. Auxiliary air 
goes in at the change from reducing to oxidizing 
but the slope is gradual because the auxiliary air 
stays on throughout the oxidizing cycle. 

The composition of the gas delivered by the two 
burners is checked frequently by a complete gas 
analysis but a visual check may be made on any 
reducing cycle by allowing a small jet of recircula- 
tion gases to be ignited and burn in a special burner. 
This is known as the “‘telltale.” 

The gas proportioners seldom need adjusting. If 
the main gas regulator delivers gas to the zero regu- 
lators at constant pressure (4 in. WC.), the gas 
samples analyzed check closely from week to week 
so that a failure of the “telltale” to “show” usually 
indicates that an air leak has developed in the re- 
circulation system and not a change in proportioner 
adjustment. An oxygen content of 1.0 pct or above 
in the recirculating gases affects the refining quality 
of the gases. Table I shows typical gas analyses at 
the peak of the oxidizing and reducing curves. 

The chemistry of the reactions in the furnace are 
well known. Cadmium oxides may be reduced and 
vaporized at temperatures well below where zinc 
oxide is reduced and this makes the separation sim- 
ple. However, some zinc oxide is reduced in our 
furnace and goes out with the cadmium fume in 
amounts approximately equal to that of the cad- 
mium. In addition to the true zinc oxide fume there 
is zinc oxide dust most of which is separated from 
the fume in the cyclone and returned to the feed. 
Cadmium elimination may run as high as 85 pct but 
the average is 65 pct. 

Sulphur elimination on the other hand is better. 
A crude oxide running 0.45 pct sulphur will be re- 
duced to 0.02 pct sulphur or an elimination of 95 pct. 
When a special effort is made to reduce the zinc 
sulphate content of the zinc oxide, a product is made 
that has the fast curing properties of French Process 
zine oxide when used in rubber compounding. This 
is not only caused by the low percentage of sulphur 
remaining but also by the fact that part of the 
residual sulphur is present as zinc sulphide. The. 
sulphur is present in the crude mostly as ZnSO, and 
with a small amount of ZnSO,. During the reducing 
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Table I. Composition of Typical Furnace Atmosphere 


Percent by Volume 
Oxidizing Reducing 
Nitrogen (by difference) 
Oxygen 30 None 
Water Vapor 7.6 12.7 
Carbon Dioxide 7.6 5.6 
Carbon Monoxide None 7.3 
Hydrogen None 9.9 
CH, and other Hydrocarbons None 0.1 
. . . 100 
Air in Mixture, Percentage of hee 
Theoretical for Perfect Combustion US yfas) 58.5 


cycle the ZnSO, is largely reduced to ZnSO, and 
possibly a very small amount of ZnS. Zinc sulphate 
decomposes at 740°C but this temperature is barely 
exceeded at the discharge end. For this reason we 
feel that the reducing atmosphere reduces the. zinc 
sulphate to zinc sulphite which breaks down readily 
at lower temperatures. This decomposition occurs 
during both the reducing and oxidizing cycles. A 
small amount of ZnS may remain in the calcine. 
Very little lead is present in the crude and only a 
small part of it is eliminated (about 25 pct) and 
this on the oxidizing cycle. 

From a chemical standpoint:alone, there is little 
need for the cycling procedure. If high eliminations 
of cadmium should be required, the oxidizing cycle 
assists in that the small percentages of cadmium 
sulphide are reoxidized and made amenable to sub- 


sequent reduction but the primary purpose of the_ 


oxidizing cycle is to improve the color of the product. 
This involves not only a high brightness but also 
a neutral tone, that is, absence of yellow. The yellow 
is caused by cadmium, lead and trace elements that 
have not been identified. The brightness is obtained 
by burning out traces of carbon. 

The oxides are thus reheated without substantial 
densification if proper temperature, composition and 
velocities of the gases are maintained. There is, 
however, an incipient sintering action in that the 
product discharged from the kiln is denser com- 
pared with the crude oxide but this densification is 
eliminated in the subsequent milling step, a step, 
incidentally, that has always been a part of our re- 
fining process. 

The milling is now done on two No. 4 Micro mills 
running in parallel. From the mills the product 
passes through 6 reels of 46 mesh wire cloth and 
from there to the packers. 

The four Wemple coal-fired furnaces were re- 
placed by the first rotary unit in 1943. A second 
duplicate rotary furnace was installed in 1949 as a 
standby. This duplication is necessary because all 
of the oxide produced must be refined. Failure of 
a unit does not interrupt the production of the plant. 
Either unit has ample capacity to refine the maxi- 
mum capacity of our plant, 120,000 lb per day. 

The fuel requirement is between 70,000 and 90,- 
000 cu ft of natural gas per 24 hr day. This amounts 
to about 1600 cu ft per ton of zinc oxide refined. In 
1947 the unit refined 17,511 tons of zinc oxide. The 
marketable cadmium dust produced was 292,514 Ib 
and had an average cadmium content of 22.52 pct, 
that is, 65,870 lb of cadmium was recovered. The 
gross weight of the nonreturnable dust produced by 
the rotary furnace was therefore 0.83 pct of the 


Fig. 10—Refinery interior showing sealing ring, 
discharge screw and apron conveyor. 


production. The total dust produced (exclusive of 
cyclone) was 399,079 lb or 1.13 pct of the produc- 
tion. The cadmium content of the crude oxide fed 
to the refinery averages 0.40 pct and the cadmium 
content of the refined oxides is normally reduced 
to less than 0.1 pct cadmium. This represents an 
elimination of 75 pct. It must be emphasized, how- 
ever, that the refining operation is carried out 
primarily to improve color and eliminate sulphur 
and that the cadmium elimination is of secondary 
importance except in a very few cases where low 
cadmium zinc oxide is required by a rubber manu- 
facturer. The particle size is not affected by refining 
insofar as microscopic examination can determine 
but the low reactivity of the refined oxide when 
used in paint indicates that there has been a sub- 
stantial reduction in submicroscopic fines. 

The unit may be employed to treat cadmium dusts 
to recover zinc oxides as a calcine and the cadmium 
in a concentrated dust. In May 1946, 61,350 lb of 
low cadmium dust accumulated from refining opera- 
tions was treated in the rotary unit. The dust had 
an original cadmium content of 7.29 pct and a zinc 
content of 66.1 pct. Cadmium dusts as high as 61.5 
pet were made and the average for the entire run 
was 46.7 pct. The zine oxide residue or calcine 
averaged 0.67 pct cadmium. The latter was not a 
marketable product but was returned to the zinc 
oxide furnace. 


U. S. Pat. No. 2,416,044 for the above described 
process was issued Feb. 18, 1947. 
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Treatment of Electrolytic Copper Refinery Slimes 


by J. H. Schloen and E. M. Elkin 


All known methods of treating and recovering the various components of copper 
refinery slimes are discussed. The slimes treatment processes presently used by five 
copper refineries are described and flowsheets are given. A bibliography is appended. 


HE recent increase in anode copper production 

at the Noranda smelter placed an additional 
load on the Montreal East plant of Canadian Copper 
Refiners Limited. The consequent increase in the 
amount of anode slimes led to a careful considera- 
tion of the various methods of slimes treatment. 

A critical review of these methods is presented 
here in the belief that it would be of interest to 
copper refiners. No such review has yet been pub- 
lished, although a number of individual flowsheets 
have been described. 

To make the information of greater value, a ques- 
tionnaire was sent to all copper refineries. While the 
overall response to the questionnaire was not en- 
tirely satisfactory, the foreign refiners gave much 
detail in their answers and expressed willingness to 
cooperate further if needed. 

Although the data below do not cover all re- 
fineries, it is thought that examples of all flowsheets 
currently in use are included. A comparison of these 
flowsheets should prove of interest. 

The paper is divided into two parts. One part 
deals with a discussion of all known methods of 
treating and recovering the various components of 
the slimes. The second describes the processes now 
in use at various copper refineries for the treatment 
of raw slimes up to the production of Doré bullion. 
A brief description of the two main electrolytic 
methods of parting Doré bullion is appended. 

Since the first commercial application of electro- 
lytic refining of copper by J. B. Elkington in 1865, 
the treatment of anode mud or slimes has undergone 
many changes. 

The object of treating slimes has always been the 
recovery and separation of precious metals. With 
the passage of time, increasing attention has been 
paid to improvement in recovery and quality of by- 
products, mainly selenium and tellurium. 


J. H. SCHLOEN, Member AIME, is Metallurgist, and 
E. M. ELKIN is Research Engineer, Research and De- 
velopment Dept., Canadian Copper Refiners Ltd., 
Montreal, Canada. 

AIME New York Meeting, Feb. 1950. 

TP 2822 D. Discussion (2 copies) may be sent to 
Transactions AIME before June 1, 1950. Manuscript 
received Nov. 2, 1949. 


The original methods of treatment were crude, 
although relatively direct. For example,” the slimes 
were fused on a dolomitic clay bed in a reverbera- 
tory furnace; the slag was removed and the result- 
ing metal cupelled to silver and gold. In another 
process, the dried slimes were oxidized and scorified 
on the lead bath of a cupelling furnace. Later, these 
pyrometallurgical methods were modified by sul- 
phuric acid leaching, followed by fusion with niter 
in a reverberatory furnace. A preliminary oxidizing 
roast improved the leaching step. Straight hydro- 
metallurgy has not found practical application. 

No matter what method is employed, the result is 
Doré metal—a silver-gold alloy, with or without the 
metals of the platinum group. 


Characteristics of the Slimes 


Anode slimes are made up of those components 
of the anodes which are not soluble in the electro- 
lyte. They contain varying quantities of copper, 
silver, gold, sulphur, selenium, tellurium, lead, 
arsenic, antimony, nickel, iron, silica, etc. 

The color of raw slimes is grayish black and the 
particle size is —200 mesh. However, Baraboshkin 
and Gaev (Ref. 1, p. 37), describe light gray colored 
slimes from the electrolysis of secondary copper 
which are composed predominantly of sulphates and 
of basic salts. In anode furnace practice primary 
and secondary metals are not usually segregated and 
such slimes do not commonly occur. 

Copper in the slimes originates to a large extent 
in the cuprous oxide of the anodes and is therefore 
dependent on the oxygen content of the latter: 


Cu.O + H.SO, > CuSO, + HO + Cu [1] 


Opinions have been expressed that some of the cop- 
per is formed by decomposition of cuprous to cupric 
sulphate 


Cu.SO, — CuSO, + Cu [2] 


The product of either reaction is very finely 
divided. 

Depending on the slimes composition, much of the 
copper is combined with sulphur, selenium, tel- 


lurium, etc. The balance of the copper is in the free 
metallic state. 
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Apart from copper (and the platinum group ele- 
ments) the only slimes component existing in un- 
combined state is gold, although it may be partly 
combined with tellurium and to some extent alloyed 
with silver. 

The chemical stability of slimes is that of the con- 
stituents. 

At room temperature the slimes are not appre- 
ciably oxidized and in the absence of air they are 
unaffected by dilute sulphuric or hydrochloric 
acid, though readily attacked by dilute nitric acid. 
In the presence of air, copper is slowly dissolved by 
dilute sulphuric acid with the liberation of selenium 
and tellurium. The rate of the reaction increases 
with temperature. The liberated tellurium is partly 
oxidized and dissolved by hot dilute sulphuric acid. 

When heated in air the slimes are oxidized with 
the formation of the corresponding oxides, selenites 
and tellurites. Selenium and tellyrium oxides are 
also formed and may be partly volatilized. 

On heating the slimes with strong sulphuric acid, 
oxidation and sulphation take place. Copper, silver 
and base metals are sulphated, gold is unaffected, 
while selenium and tellurium are oxidized to the 
corresponding oxides or oxysulphates. On raising 
the temperature to that of roasting, the oxysulphates 
decompose and selenium dioxide driven off. 


Treatment of Slimes Components 


Direct smelting of slimes is no longer practiced. 
Although a high initial gold fall is obtained, exces- 
sive matte and slag formation causes heavy recircu- 
lation of precious metals, especially of silver. A 
much more satisfactory approach is separating the 
component elements one by one. In this manner they 
may be recovered in a reasonably pure state per- 
mitting either immediate withdrawal from the circuit 
or recirculation with a reduced number of treatment 
steps. 

The most favored procedure is the removal of 
copper and then of selenium. and tellurium. Other 
elements, apart from precious metals, are not re- 
covered, except for lead, and that only in the close 
proximity of a lead smelter. The end product is Doré 
metal—a silver-gold alloy containing a small quan- 
tity of copper and minor amounts of other im- 
purities. 

In an ideal process the various impurities would 
be recovered in a pure state separately, as early 
and as completely as possible, so as to leave little 
refining to be done in the Doré or cupelling furnace, 
with minimum consumption of fuel and fluxes and 
minimum formation of matte and slags. In practice 
many compromises must be made, mainly because 
no element is removed entirely and because more 
than one element is See removed at any one 
time. 


_ Removal of Copper: As a rule, copper is removed 
as a water soluble sulphate. In this form it may be 
sent directly into the electrolyte circulation sys- 
tem. However, due to the presence of impurities, 
such as selenium and tellurium, this is practiced in 
few instances only. Generally, the leach solution is 
worked for the recovery of copper sulphate, or, if 
the impurities content is too high, sent to the lib- 
erator system. 

In few cases only are the liberator cathodes of 
commercial quality. They are usually remelted in 
the anode furnace. The liberator solution may be 
- concentrated although the strong acid is quite im- 
pure and usually not suitable for electrolytic work. 


Following are the commercial methods for recov- 
ering copper: 

Oxidizing Roast:')** 7°, ¥,*,,*, Shallow layers 
of slimes are heated to 500-800°F. Sufficient air is 
admitted both to effect oxidation and to hold the 
temperature below the fritting point. The bed is 
generally not rabbled to avoid dust losses although 
if efficient dust collection is present, rabbling is em- ° 
ployed to reduce the roasting time. Copper com- 
pounds are broken down and together with free cop- 
per form copper oxide, selenite and tellurite. Some 
selenium and arsenic are volatilized. The calcine 
is leached with dilute sulphuric acid, foul electrolyte 
or liberator solution. The solution is then sent to 
electrolytic department, copper sulphate recovery 
or liberator system, as discussed above. 

The main objections to roasting are dust losses 
which introduce recirculation, only partial elimina- 
tion of the more volatile impurities and an impure 
leach liquor containing selenium and tellurium. This 
selenium is precipitated as copper selenide in the 
liberator system and is not easily recovered in a 
flowsheet employing this method. 

A variation of this method consists of heating 
slimes mixed with fine soda ash. This will be de- 
scribed under selenium removal. . 

UL RAL ZUG =ROASt ae teem sae 7 tae ana 
method is an improvement over air roasting in that 
concentrated sulphuric acid is added to the slimes 
prior to charging or during the roast by spraying. 
The acid acts both as an oxidizing and a sulphatizing 
agent. 

Cu + 2H.SO, > CuSO, + 2H.0 + SO, [3] 


Other metallic components react similarly. Selenium 
and tellurium are oxidized to the corresponding di- 
oxides or oxysulphates 


Se + 2H,SO; > SeO, + 2H,O + 250; [4] 
Te -- 9H,S0;-—> TeO.S0; + 2H,0. 1 SO, 15) 


Since the acid is required both for oxidation and 
for sulphation of the copper, its requirement is 
double that used in methods described under Oaid- 
izing Roast and Aeration in Dilute Sulphuric Acid. 

Roasting at high temperature drives off the se- 


- lenium dioxide. To prevent decomposition of copper 
‘sulphate, temperature must not exceed 1200°F. Yet 


at C.C.R., roaster temperatures have reached 1400°F, 
with no noticeable effect on copper sulphate. 

The roasting step may be modified by a prelim- 
inary heating of the slimes-acid mixture below the 
boiling point of the acid.” * * “ The sulphur dioxide 
and water given off and the base metal sulphates 
formed increase the porosity of the mix and aid in 
retaining the acid needed to complete the oxidation 
of selenium and tellurium at a higher temperature. 
Roasting then merely drives off the volatile oxides. 

The roasted slimes are leached with hot water. 
The leach liquor carries much silver and some se- 
lenium and tellurium. Silver is readily cemented on 
metallic copper or raw slimes. Selenium requires a 
somewhat longer cementation time, while tellurium 
is more resistant to cementation than selenium. Both 
require an acid environment. 

The reactions involved are comelon but may be 
represented by the overall equation 


4Cu ++ 2H,SO, + H.SeO, > 2CuSoO, 
++ Cu.Se + 3H,O [6] 


As practiced at C.C.R., digestion-sulphatizing- 
roasting of slimes has given satisfaction with good 
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: Table I. Anode Analyses 


Cc. C. R. AUSTRALIA NORDDEUTSCHE 
OUTO-| RHO- 
BOLID- DO- MT. 
ENS MESTIC | NORANDA | E.R.&S. | LYELL I Il KUMPU| DESIA 
37 99.21 99.22 97.68 | 99.04 99.78 
Ae ath 38.00 aes 32.90 19 33 3.79 14.9 109. 10.29 1-2 
Ag oz/t | 36.00 53.55 22.20 a alae 
Auoz/t | 4.5 3.60 4.35 5.72 0.70 0.57 0.43 | 01-0. 
Se pct 0.2 0.12 0.15: 0.0186 | 0.021 | a | 0175 
aera 0.0019 
Te 0.03 0.022 0.042 0.0093 
As 0.004 0.018 0.0006 0.103 0.0019| 0.114 0.764 | 0.008 0.0011 
Sb 0.015 0.011 0.0001 0.077 0.0083] 0.038 i Tr 0.0002 
Pr 0.05 oooh | pons | ope: 0-101 | 0.0046 ; 
Pb 0.05 0.082 0.0026 0.149 i j : 
Ni 0.20 0.012 0.019 0.051 0.0195) 0.0195 0.35 | 0.71, 0.0154 
Co z e x 
Fe 0.003 | 0.0009 0.0004 0.0422 per 0.005 
S 0.015 | 0.0033 0.0024 see a epaoees 
Zn 0.015 Tr 0.0035 
Insol 
(SiOz) 0.003 0.039 0.002 
CaO 0.072 Ae 
oO 0.25 0.12 0.18 
Table II. Raw Slimes Analyses 
Cc. C.R. AUSTRALIA 
RHODESIA 
BOLID- DO- MT. OUTO- COPPER 
ENS MESTIC NORANDA E.R.&S. LYELL KUMPU REFINERY 
Cu pet 40 37.3 45.8 13.77 67.23 11.02 43.55 
Ag oz/t 3300 5467 3712 2217 332 2800 1815 
Au 0z/t 450 382 697 577 61 150 13.4 
Se pet 21 20.54 28.42 2.96 3.28 4.33 12.64 
Te 1 2.97 3.83 2.58 Tr 1.06 
As 0.8 0.57 0.33 4.03 0.70 0.70 0.29 
Sb 1.5 0.48 0.31 8.34 0.05 0.04 0.06 
Bi 0.8 0.02 0.001 0.48 
Pb 10 23.77 1.00 2.62 0.91 
Ni 0.5 0.17 0.23 0.49 0.05 45.21 0.27 
Co 0.02 0.09 
Fe 0.04 0.61 0.40 0.35 0.60 1.42 
s 3.5 7.80 9.88 2.32 6.55 
SOzg +217 
Sn 1.00 
Zn 21 Tr 
SiO» 0.3 9.72 1.4 2.25 6.93 
AlsOz 0.71 Kies 1.03 
CaO 0.05 0.55 0.54 
fe) 3.0 17.89 
Lb per T 28 19 13 20 15.6 7-8 2.8 
Table II. Treated Slimes Analyses This method is mainly of historical interest (Ref. 
(to Doré or Cupel Furnace) 23, p. 108). 
BOLID NORD: unos Aeration in Dilute Sulphuric Acid: In this method 
ENS C.C.R. | E.R.&S.| DEUTSCHE} KUMPU the slimes suspended in hot dilute acid are blown 
with air. Copper may be reduced to a fraction of 
Cu pet scan Ps eae eae Petes - 6 pos 1 pct. The process is economical of reagent—one mol 
t 5 a A a : 2 3 S 
Ad lee 1320 1200 897 26-131 564 acid per atom copper. The saving in acid as also in 
pone ae eee pid A ara a fuel is partly offset by the cost of steam. Equipment 
= ia ie 7 ont required is simple, though bulky. Corrosion presents 
ay 2:3 0.05 | 0.4-1 : no problem. The time required to bring copper to 
ay ig a ae ey ake 0.5 pet depends on the initial copper content and on 
Fe a 0.25 0.3 the copper compounds present. 
s 5. . . . s 
Sn 1.1-4.0 1.27 In a patented variation,* ferric sulphate is added 
SiO2 1.9 5-9 13.26 


* #2 leached slimes before HeSO. roast for selenium removal. 


removal of selenium, and later ready leaching of 
copper. 

Boiling with Dilute Sulphuric Acid and Niter: The 
actual reagent is the nitric acid liberated by the 
action of sulphuric acid on niter. Niter utilization 
is good, but chemical cost is high. Fume disposal 
creates a problem. The solution is impure and in 
addition to copper contains silver, selenium, tel- 
lurium, etc. Corrosion of equipment is severe. Intro- 
duction of sodium salts into the electrolyte increases 
the electrical resistance and the specific gravity. 
Recovery of copper sulphate is adversely affected 
by the increased volumes of mother liquor formed. 


toward the end of the treatment to hasten dissolu- 
tion 
Cu + Fe,(SO,). > CuSO, + 2FeSO, 


2FeSO, -+- H.SO, + %0, > Fe.(SO.); + H.O 


[7] 
[8] 


This addition seems hardly necessary since com- 
mercial electrolyte commonly used as the source of 
acid always contains iron as an impurity. 

Any solution containing free acid may be used in 
this method. Silver is not dissolved but the selenium 
and tellurium combined with copper are set free. 
Some of the tellurium is oxidized and dissolved in 
the hot acid solution making it unsuitable for return 
to the electrolytic department. 

Copper sulphide and nickel oxide are not affected 
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by acid aeration, and require a more drastic method 
of treatment. 


Pyrometallurgical Methods: As discussed earlier, 
direct smelting is no longer used. (Ref. 1, p. 38-39; 
ref. 23, p. 109.) 

An attempt was made to smelt slimes in a slag 
resistance electric furnace. The two products ob- 
tained were a copper-lead-silver-gold alloy which 
could not be easily parted and a copper selenide- 
copper telluride matte. The process did not prove 
to be practical. 

Smelting, scorifying and cupelling are reserved 
to the end of the treatment, after most of the im- 
purities have been removed by a combination of 
roasting and leaching methods. 

_Addicks, (Ref. 23, p. 123) suggested blowing sele- 
nide matte in small converters. Baraboshkin and 
Gaev, (Ref. 1, p. 54) attempted blowing Cu-Ag-Se 
matte in the smelting furnace. They found that re- 
moval of selenium proceeds slowly, that the matte 
is avidly saturated with oxygen and that the silver 
is strongly held in the matte in the presence of 
cuprous oxide. They concluded that the reactions 
corresponding to normal converting of copper matte 
do not take place. 


Miscellaneous Methods: A number of methods has 
been proposed, none of which achieved practical 
prominence. 

Aeration of slimes in an aqueous solution of am- 
monium hydroxide and ammonium carbonate pro- 
duces a water soluble cuprammonium complex. This 
method is costly and offers no material advantage 
over the similar sulphuric acid method. 

The use of manganese dioxide as an oxidant in 
sulphuric acid solution 


Cu + Mno, + 2H,SO, > CuSO, 
-- MnSO, + 2H,0 [9] 


introduces an expensive contaminant into the solu- 
tion. Manganese sulphate is eventually wasted after 
copper sulphate recovery. 

Aeration of slimes in aqueous potassium or sodium 
cyanide is feasible. The resultant solution contains 
a number of metals which still have to be separated. 
That, together with the cost of the reagent, makes 
the process impracticable. 

Passing chlorine through heated slimes removes 
a number of volatile chlorides. Due to the highly 
corrosive nature of the hot gases and vapors, this 
method has never left the laboratory. 


Removal of Selenium: Wherever selenium occurs 
in appreciable quantities, market value makes its 
recovery attractive. In consequence, the slimes treat- 
ment flow sheet must be chosen with a view of 
greatest and most economic recovery of the ele- 
ment in the purest state possible. Actually, many 
compromises must be made. 

The most important methods of recovering se- 
lenium are smelting with soda and niter, roasting 
with soda and roasting with sulphuric acid. 


Soda Smelting: *°%***»* This is a pyrometal- 
lurgical method. The raw slimes are first decop- 
perized by any method described earlier. In a few 
refineries, adjoining a lead smelter, the lead is re- 
moved by cupellation. Elsewhere the treated slimes 
are smelted in a Doré furnace. 

The slimes, as charged, are mixed with soda and 
silica. The first slags are mainly siliceous and con- 
tain such impurities as iron, arsenic, antimony and 


Solution 
to T.H. 


Slimes 
from T.H. 


HzO 
FILTER 


Fig. 1—Bolidens 
t 
Gruvatiebolag. [paver [Ws re 
Silver refinery 
flowsheet. 


NazCO. 
24-1 ROASTER 


Roasted slimes 
4120 | LEACH Solution to 
TANK Se plant 
Dilute >SO0z {LEACH Solution to 
TANK copper recovery 


Treated slimes 


Fluxes 
Gases 


Slags to 


/ 
copper smelter Dore 


¥ metal 


lead. The molten charge is then blown with air to 
oxidize and volatilize as much as possible of arsenic, 
selenium and tellurium. The volatilized oxides are 
caught in the scrubber-Cottrell system. The soda 
slags which follow are high in selenium and tel- 
lurium. The melt is then rabbled with niter to 
oxidize the copper and make it amenable to slag- 
ging. 

The soda slag is crushed and leached with water 
and the filtered liquor neutralized with fresh sul-~ 
phurie acid or acid-bearing scrubber solutions to 
pH 6.2 to precipitate tellurium as tellurous acid. The 
filtrate is then treated with sulphur dioxide to pre- 
cipitate selenium. The latter is boiled with water to 
coagulate colloidal selenium, washed, dried and pul- 
verized. Distillation of the dried selenium markedly 
improves its purity, but is not commonly practiced. 

Selenium recovery is about 80 pct due to inevi- 
table losses in mattes, slags and flue dust. 

Replacing soda ash with solid caustic soda im- 
proves the efficiency of the process but increases 
corrosion of the furnace lining. 

Scrap iron has been used at C.C.R. in addition to 
the soda to break down the matte into soda slag and 
bullion.2 No blowing was required. Chemical cost 
and processing time were markedly reduced. Forma- 
tion of a sodium selenide slag made selenium re- 
covery more complicated. The process was employed 
as a temporary expedient only due to the high se- 
lenium calcine from the muffle furnaces formerly in 
use. 

Niter treatment tends to oxidize selenium to 
selenate which is not easily reduced by sulphur 
dioxide. However, it is needed to break down the 
copper matte and should be left toward the end of 
the refining period after the bulk of the selenium 
has been removed with soda. Selenates are reduced 
in the presence of hydrochloric acid, but chloride 
ions are not desirable in lead-lined equipment and 
require rubber or plastic lining. 

Not all the tellurium is precipitated on neutraliz- 
ing, and eventually it appears in the refined se- 
lenium as a persistent impurity. 

Notwithstanding the above, this process is simple 
and economical and is employed at several refineries. 

In a patented Russian method” slimes, after re- 
moving copper, are roasted in a muffle furnace at 
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500-900°C to drive off selenium and then smelted 
with 30 pct soda + 10 pct pyrolusite. It is not clear 
from the patent specification what advantage pyro- 
lusite offers over niter. 

Japanese methods” * employ smelting the slimes 
with metallic lead and alkalies, the noble metals 
combining with the former and selenium with the 
latter. 

Soda Roast: A modification of the pyrometallurgi- 
cal method is the roasting or baking of raw or de- 
copperized slimes intimately mixed with fine soda. 
The temperature must be kept below the sintering 
point to assure access of air essential to good elim- 
ination of selenium. The charge may be rabbled 
during heating. Selenium is recovered from the 
calcine water leach liquor by either of two methods.” 

In the first method, it is neutralized to precipitate 
tellurium and then treated with sulphur dioxide, 
preferably in the presence of hydrochloric acid. 

The second method was developed at Bolidens, 
where tellurium content is negligible. The leach 
liquor is evaporated to dryness and the sodium sele- 
nite and selenate reduced with coke to selenide.” “ 


Na,SeO, + 3C — Na.Se + 3CO [10] 


This is redissolved and blown with air to precipitate 
selenium and regenerate hydroxide, which is car- 
bonated and returned to the process. 


Na.Se + H.O + %0,—> 2NaOH + Se [11] 


With proper roasting, selenium recovery may be 95 
pet and over. 

Any tellurium present in the slimes is similarly 
affected, forming a water soluble sodium tellurite. 
For this reason, soda roasting is not feasible with 
high tellurium slimes where recovery of high purity 
selenium is desirable. 

The water leached slimes may be leached with 
dilute sulphuric acid. Good removal of copper is 
thus achieved. 


Sulphuric Acid Roast: On oxidizing roasting of 
slimes, some selenium is driven off as dioxide or in 
elemental state and is recovered in the scrubber 
system. Selenium elimination is poor, the dust losses 
are high, the scrubber mud is impure and is usually 
returned to the process. 

Much improvement is obtained with a sulphating 
roast as described in the section under copper re- 
moval. The slimes are mixed with acid prior to 
roasting. In C.C.R. practice, the mix is digested be- 
fore charging into the roaster. Selenium dioxide is 
collected in the wet scrubber-Cottrell system, the 
combustion gases being led to a separate scrubber 
system. Some selenium is precipitated in the scrub- 
ber by the sulphur dioxide gas from the decomposed 
sulphuric acid. Both the selenium sludge and the 
scrubber solution are quite pure and yield a good 
grade of refined selenium.” ” 

A variation of this process was practiced at Outo- 
kumpu until recently, where the amount of selenium 
is too small to warrant construction of a Cottrell. 
The roaster gases were passed through a caustic 
soda solution to form sodium selenite and sulphite. 
Selenium was recovered on acidifying the solution 
with sulphuric acid. 

Miscellaneous Methods: One of the earliest sources 
of selenium was the flue dust from sulphuric acid 
chambers. The flue dust is dissolved in hydrochloric 
acid and sodium and potassium chlorate. The acidity 
of the solution is brought up to 50 pet HCl and 
selenium recovered by reduction with sulphur di- 


oxide. High acidity is necessary to keep tellurium in 
solution. The solution after recovering selenium is 
diluted and tellurium precipitated by sulphur di- 
oxide. 

This process is still in use at the Norddeutsche 
Affinerie, where the raw materials are Cottrell mud 
and flue dust. It is also the most commonly used 
method of selenium analysis. 

A variation is the direct reduction of the flue dust 
with carbonaceous matter or” passing gases from 
roasted flue dust or slimes through hot carbon. 

Leaching or boiling slimes with caustic soda is 
also practiced.” * ” A complex liquor containing 
selenides, selenites, tellurides and tellurites is ob- 
tained. Treatment of such liquor is somewhat messy. 

Another wet reagent is aqueous sodium sulphite. 
It dissolves free selenium only, forming sodium 
selenosulphate Na,SeSO;. The selenium is recovered 
by acidifying the solution. Only decopperized slimes 
contain some free selenium. The remainder of the 
selenium is combined and is not amenable to sodium 
sulphite leaching. 

One patented method” employs distillation with 
hydrobromic and sulphuric acids. It is not known 
whether this has ever been attempted on commercial 
scale. 

Passing oxygen through heated slimes as a means 
of forming volatile selenium dioxide has been at- 
tempted, but the results were unsatisfactory. Treat- 
ing the heated slimes with gaseous chlorine was 
referred to in an earlier section. 

Removal of Tellurium:” Tellurium is eliminated 
from the slimes as a water soluble sodium tellurite. 
It is converted into this form after a preliminary 


oxidizing or sulphatizing treatment. That may be™ 


done in several ways: (1) roasting or baking a 
slimes-soda mix—this is a combined oxidizing and 
“alkalizing” treatment; (2) refining with soda in 
Doré or cupelling furnace; (3) boiling the slimes 
with caustic soda after an oxidizing or a sulphating 
roast. 

Sodium tellurite is extracted by water leaching 
the roasted product of (1) or the soda slag from (2). 
In all three cases the liquor also contains sodium 
selenite. Boiling the sulphate roasted slimes extracts 
some lead in addition to selenium and tellurium. 

Whatever the method, the aqueous solution is 
neutralized to pH 6-6.2 to precipitate flocculent tel- 
lurium dioxide, or tellurium mud.” This is purified 
by redissolving in caustic soda, precipitating the 
impurities with sodium sulphide or sodium sulphite 
and neutralizing again to obtain tellurium dioxide 
of higher purity. In a method formerly used at 
C.C.R., the mud containing copper and selenium as 
impurities was roasted with sulphuric acid to vola- 
tilize the selenium and then water leached to re- 
move the copper.* 

There are three methods for recovering elemental 
tellurium from the mud: (1) direct reduction by 
heating with flour under a borax cover; excessive 
fuming of tellurium dioxide is a disadvantage; (2) 
dissolving the mud in hydrochloric acid or in sul- 
phuric acid to which some salt is added, followed by 
reduction with sulphur dioxide, filtration, washing, 
drying and melting*®; (3) dissolving the mud in 
caustic soda and electrolyzing with iron anodes and 
stainless steel cathodes.” © 


The last method appears to be the most attractive 
of the three. 


Parting and Recovery of Silver and Gold: As 
noted earlier, the purpose of a slimes treating pro- 
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ae 


_ cess is the removal and, where possible, the recovery 


of the impurities and the production of Doré metal. 

At one time Doré metal was cast in thin sheets 
and boiled with sulphuric acid. The silver sulphate 
solution was diluted and silver recovered by pre- 
cipitation on copper. The silver bullion assayed 
about 998-999 fine and always carried some gold 
and copper. 

The electrolytic methods. which displaced acid 
parting have been thoroughly described in the lit- 
erature. There are two such methods—the Moebius, 
employing vertical electrodes and the Thum-Bal- 
bach, with horizontal electrodes. Examples of both 
are given in the second part of this paper. 

Silver is deposited in the form of loosely-adhering 
crystals which are washed and melted into bars 
assaying 999.8-999.9 fine. The anode mud may con- 
tain 1/3 silver and 2/3 gold. It is boiled with sul- 
phuric acid to dissolve silver and other impurities 
and to bring up the fineness. Lead and tellurium 
are not easily removed by boiling with acid and 
great care must be taken to eliminate them in fur- 
nace refining. 

Should platinum group metals be present in suf- 
ficient quantity, the gold is refined electrolytically 
by the Wohlwill process. An example of this is also 
described below. Electrolytic gold is 999.8-999.9 
fine. 

The treatment of the platinum group metals is 
outside the scope of this paper. 

To close the remarks on parting, ‘“‘This step is in 
a very satisfactory state of development and but 
little improvement in methods is to be looked for”’ 
(Ref.23p. 123). 

Silver Refinery Practice 


Herewith are presented the data supplied by co- 
operating refineries. Analyses of anode copper, raw 
slimes and treated slimes are given in tables I, II 
and III, respectively. Flowsheets are shown for each 
refinery. 

Bolidens Gruvatiebolag, Ronnskar, Sweden: Boli- 
den Mining Co. produces anode slimes of high se- 
lenium-low tellurium content, (21 pct Se, 1 pct Te). 
Because of this combination, the first step in the 
flowsheet is a soda ash roast which is followed by a 
water leach to eliminate the selenium (fig. 1). 

0.45 ton Na.CO, is mixed per ton dried raw slimes. 


_* The mixture is roasted in a small multiple hearth 
- furnace, at a maximum temperature of 840°F. Since 


temperature control is important, the furnace is 
electrically heated by resistors fixed to the hearths. 

The soda-baked calcine is water leached in pro- 
peller-agitated tanks to remove selenium. The leach 
solution as press-filtered contains about 52 gpl Se 
and 32 gpl Na.CO,. This solution is treated for se- 
lenium recovery. 

The copper content of the slimes is oxidized dur- 
ing the soda roast and is removed by leaching with 
weak sulphuric acid, following the water leach. Nor- 
mally 0.78 ton concentrated sulphuric acid is re- 
quired per ton dry raw slimes. The acid extracts 
most of the copper. The solution containing about 62 
gpl Cu, 3.6 gpl Ag, 32 gpl H.SO, is sent to insoluble 
anode tanks for copper recovery. 

The treated slimes contain only 2 pct copper and 


‘2 pet selenium and are smelted in an oil-fired Doré 


furnace in the usual way with a flux of 140 lb soda 
ash and 80 lb borax per ton slimes charged. 

The Doré metal containing 858 silver, 106 gold, 
25 Cu parts per 1000, is cast into anodes for parting 
in Moebius cells. 


The Bolidens method of selenium tréatment is 
unique and is claimed to produce a high purity se- 
lenium. The water leach of the soda roasted slimes 
is evaporated on a drum to give sodium selenite, 
selenate and carbonate. The mixture is reduced with 
coke in an electric resistance furnace, producing 
sodium selenide. This is dissolved in water and 
oxidized with air. In this reaction about 90 pct of 
the selenium content of the solution is precipitated 
in elemental form and NaOH is produced. The ele- 
mental selenium is removed and the solution con- 
taining the remaining 10 pct of selenium is car- 
bonated to reduce the pH, and is then aerated to 
precipitate additional selenium. The solution is ~ 
cooled to crystalize the soda ash, which is re-used 
in the roast of the raw slimes or for other purposes. 

Canadian Copper Refiners Limited, Montreal East, 
Quebec, Canada: The C.C.R. process is described at 
greater length and with greater detail merely be- 
cause of a more intimate acquaintance with it (fig. 
Qe 

C.C.R. slimes are characterized by high selenium 
and tellurium content (20 pct and 3.5 pct). The 
present processing of tank house slimes can be 
divided into eight steps: 

1. Drying, digesting and roasting slimes with sul- 
phuric acid for selenium elimination, and conver- 
sion of copper to water-soluble sulphate. 

2. Water leaching of roasted slimes to remove 
soluble copper, and cementation of silver from leach 
liquor. 

3. Caustic-soda leaching of water-leached slimes 
to remove tellurium. 

4. Refining of caustic-leached slimes to Doré bul- 
lion, 

5. Parting of gold and silver by Moebius system. 

6. Production and refining of selenium. 

7. Recovery of copper sulphate from slimes water- 
leach liquors and discarded tank house electrolyte. 

8. Recovery of acid from spent solutions from 
copper sulphate plant. 

Raw slimes are pumped from the tank house to 
the silver refinery. They are delivered at a uniform 
rate to a thickener, from which they discharge to an 
Oliver continuous filter. The thickener overflow and 
Oliver filtrate are returned to the tank house. 

The filtered slimes discharge directly to the top 
hearth of an 8 ft diam six-hearth oil-fired Herreshoff 
furnace. The furnace dries the slimes at 250° to 
300°F to 5 pet moisture content, which helps to pre- 
vent dusting during subsequent handling. 

The slimes-digesting equipment and chain-roast- 
ing furnace are arranged in such a way that after 
the dried slimes are fed to the digesters, gravity 
flow of material is possible to the point where the 
roasted slimes are discharged from the chain fur- 
nace. 

There are two sets of three digesters each, ar- 
ranged in line on either side of a central working 
platform. The digesters are 5 ft 0 in. diam by 15 in. 
deep inside. Each digester is provided with a set of 
four motor-driven rabble arms for agitating the 
slimes-acid mix, and a slimes outlet set tangentially 
with the outside of the shell to aid in emptying. The 
digesters are set in an insulated brickwork furnace 
to utilize the waste heat in the combustion gases 
from the chain roasting furnace. 

Digestion of slimes is a batch process, 500 lb of 
dried slimes containing 5 pct H.O being charged at 
the start of the process. Sufficient acid is added at 
the same time to produce a mix of good fluidity. The 
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temperature of the mix is approximately 300° to 
450°F, depending on the stage of digestion. 

For typical raw slimes containing 32.90 pct in- 
soluble Cu, 16.70 pct Ag, 20.83 pct Se and 3.76 pct 
Te, 1.74 lb of 100 pct sulphuric acid are required 
per lb of dry slimes. This is equivalent to 1.87 lb 66° 
Bé. acid. In practice, 2.23 lb are used, or 19 pct in 
excess of theoretical requirements. 

At the conclusion of the digestion, the slimes mix 
is discharged to the feeder bin. From there it is fed 
by screw conveyor directly onto the pans of the 
chain roaster. The slimes bed thickness can be con- 
trolled and is normally 34 in. thick at the start of 
roasting. 

Essentially, the chain roaster installation consists 
of a furnace built around a pan conveyor on which 
the slimes mix is roasted to volatilize selenium con- 
tent. The furnace brickwork measures 28 ft 2 in. x 
4 ft 1% in. x 5 ft 3 in. high, inside dimensions. The 
effective roasting area of the slimes bed in the 
roaster is 92 sq ft. Heat for roasting is supplied by 
a series of burners utilizing vaporized fuel-oil. The 
temperature of roasting is maintained at 800° to 


900°F, which is sufficient to volatilize SeO. from the 


digested slimes, but not TeO.. The time of roasting 
can be controlled between 30 and 60 min. With a 
slimes bed of % in. and a roasting period of 45 min, 
the chain roaster production is 12,000 lb of well 
roasted product per 24 hr. 

Near the discharge end of the furnace, a spiral 
cutter loosens the roasted cake from the pans, and 
the roasted slimes discharge into the calcine bin 
from which they are drawn into dump-bottom hop- 
pers. 

The roaster fume is drawn to the four-tower 
selenium scrubber system. Scrubber solution is 
pumped through sprays in the towers to humidify 
the gas prior to Cottrell precipitation and to recover 
the greater part of its selenium, selenium dioxide 
and sulphuric acid content. The products from the 
scrubber system are crude selenium and scrubber 
solution. 

The Cottrell treater consists of two pipe units in 
parallel, treating 1800 cfm at 95°F. 


The roasted slimes discharged from the chain 
roaster have the following assay: Total Cu 21.9 pct, 
water insoluble Cu 1 pct, Se 1.6 pct, Te 2.2 pct, Ag 
2800 oz per ton, Au 260 oz per ton. Selenium elim- 
ination during roasting varies from 87-93 pct, de- 
pending on the selenium content and quantity of 
material fed. After completion of the new roaster, 
better performance is expected. 

To dissolve the water-soluble copper sulphate the 
roasted slimes are leached in lead-lined agitator 
tanks. Countercurrent water leaching and decanta- 
tion are employed with live steam being used for 
heating. Silver in solution is precipitated in a sepa- 
rate tank by cementation on copper anode scrap. 
The cemented silver is combined with the water- 
leached slimes in the holding tank. 

Leach liquors are transferred to the copper sul- 
phate plant or the liberator system. About 20 pct of 
the tellurium in the roasted slimes remains dissolved 
in the leach liquor after cementation on scrap cop- 
per. 

The water-leached slimes are discharged to a 
holding tank from which they are pumped to a 
vacuum filter. The filtrate is returned to the water- 
leach liquor storage tank. 

The leached slimes are discharged from the filter 
directly into another leaching tank which contains 
10 pct caustic soda solution. An additional 50 pct of 
the tellurium originally present in the roasted slimes 
is removed by the caustic treatment, increasing the 
overall extraction to 70 pct. Simultaneously, 40 pct 
of the lead content is similarly removed, probably 
as sodium plumbite. 

At the conclusion of the leach, the slimes and the 
liquor are pumped through a filter press. The filtrate 
is neutralized with sulphuric acid to remove tel- 
lurium and lead from the plant cycle as a tellurium 
mud which is presently being stored, pending re- 
treatment at a later date for production of elemental 
tellurium. The caustic-leached slimes are retained 
in the filter press until they have been well washed 
with hot water and blown with compressed air to 
aid moisture removal. 

Caustic-leached slimes are handled in batches 
containing 30 pct H.O. A typical assay is Cu 3.7 pet, 
Ag 11,900 oz per ton, Au 1200 oz per ton, Se 6.5 pct, 
Te 3.3 pet. These slimes are charged to the Doré 
furnace for refining to metal for Moebius-cell part- 
ing. 

The Doré furnace is of the reverberatory type 
and is fired with bunker C fuel oil. The hearth area 
is 34 sq ft and the uptake area 5% sq ft. The hearth, 
side-walls and the facing on the bridge wall are 
built of magnesite brick. The rest of the furnace, in- 
cluding the roof and the verb, is constructed of fire- 
clay brick. 

The furnace is charged through a door in the side- 
wall and is skimmed from the front. About 12,000 
to 15,000 ib of slimes containing 30 pct moisture, is 
mixed with fine soda and silica. This is charged to 
the furnace 500 lb at a time. When the charge is 
completely molten, the furnace is opened and No. at, 
or siliceous slag, is skimmed off. This slag, which 
contains most of the arsenic, antimony and iron, is 
crushed and returned to the copper-anode furnace. 

The charge is blown with air, lime being used as 
a flux. A slag of high lead content is next skimmed 
off and also returned to the anode furnace. 

Fused soda ash is then fed to the furnace, and the 
charge is blown with compressed air. The soda slag 
formed contains most of the selenium and tellurium 
from the charge. This slag is leached with water to 
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dissolve the selenium and tellurium content. The 
residue from the slag leach is returned to the anode 
furnace. The alkaline slag leach filtrate is neutralized 
with sulphuric acid which precipitates tellurium, 
while the selenium remains in solution and is re- 
covered at the selenium plant by SO, precipitation. 
The neutralized mud is also being stored at the 
present time. 

The final stage of Doré furnace refining is the re- 
moval of the residual copper content by rabbling the 
charge with niter. The copper slag is skimmed off, 
crushed and returned to the anode furnace. 

Just prior to casting, the Doré metal is cleaned 
with Portland cement. The slag from this is re- 
charged to the furnace with the subsequent charge. 
Very careful refining of Doré metal is essential to 
meet the rigid selenium specification on premium 
silver bullion. Since silver bullion must contain not 
more than 3 parts per million selenium, Doré metal 
is not acceptable for parting if more than 500 parts 
per million selenium are present. Should the Doré 
contain more than that, it is re-charged to the fur- 
nace for additional refining. 

The Doré metal is ladled into water-cooled anode 
molds by hand, and is treated for separation of sil- 
ver and gold in the parting plant. 

The gases leave the Doré furnace, pass through a 
flue for cooling and removal of much of the flue 
dust, and are then exhausted to the scrubber sys- 
tem. Besides the Doré furnace gases, all gases from 
the Hereshoff furnace and parting plant furnaces, 
and combustion gas from the chain furnace, are 
exhausted through the scrubber system for condi- 
tioning prior to Cottrell precipitation. 

In passing through the three-tower scrubber sys- 
tem about 90 pct of the remaining dust is precipi- 
tated as a scrubber mud. Scrubber mud and solution 
are filtered through a lead-plate filter press. The 
mud is treated with raw slimes in the digesters. The 
scrubber solution is pumped to the selenium plant 
for recovery of selenium and sulphuric acid. 

The gases leave the scrubber and pass to a three- 
unit Cottrell precipitator of the pipe type. The aver- 
age metal loss per Doré charge from the Cottrell 
stacks is 6.7 oz Ag, 0.09 oz Au, 18.6 lb Se and 0.9 lb 
Te, as determined by continuous 24-hr sampling 
tests. 

The selenium department is in a self-contained 
building. 

Four materials are received at the selenium plant 
for processing: crude selenium from the chain roaster 
scrubber, neutralized slag leach solution, and two 
types of scrubber solution. Typical assays of the ma- 
terials are given below: 


Slimes from 
E.R.& S. or 
Mt. Lyell 


Sol'n. to 


Se-Te 
Siig recovery 


Residue 
to Dore’ 
furnace 


copper 
smelter 


Fig. 3—E.R.&S. of Australia. Silver refinery 
flowsheet. 


Silver refinery solutions are pumped to storage 
tanks at the selenium plant, from which they are 
drawn to precipitators as required. The precipitators, 
of which there are six in series, are lead-lined 
dished-end tanks, 5 ft diam by 8 ft 6 in. high. Each 
precipitator has a sulphur dioxide inlet and outlet, 
an inspection manhole, a solution inlet and a bottom 
discharge for solutions after precipitation is com- 
plete. 

The six precipitators are connected in series in a 
closed circuit. Series precipitation under pressure 
aids in securing effective recovery of selenium with 
the minimum amount of sulphur dioxide. At the re- 
finery, for every pound of sulphur burned an equal 
amount of selenium is precipitated, which indicates 
sulphur utilization of 80 pct. When a sample shows 
completion of precipitation, the precipitator batch is 
dumped to a settling tank. The solutions are boiled 
to expel sulphur dioxide. The selenium is allowed to 
settle, and the supernatant solution is decanted and 
pumped to the acid recovery system. 

The crude selenium from the settling tank is 
ground, washed in a pebble mill and filtered in a 
vacuum wash box. 

Sulphur dioxide is generated by burning elemental 
sulphur in a water-jacketed brick-lined steel tank. 
The gas discharges from the sulphur burner into a 
steel tank to settle elemental sulphur sublimed from 
the burner and to cool gases before they pass to a 
lead-lined water scrubber tank. Sulphur dioxide 
passes from the scrubber to the first precipitator in 
series on the floor above. 

Crude selenium assays from 0.01 to 0.10 pct Te, 
depending on the source of the material. After wash- 
ing and drying, the selenium is charged to the re- 
torts in batches of 1000 lb. Retorting crude selenium 


Biavertal PO ade serves three purposes: it drives out moisture, acid 
and other foreign materials; reduces the tellurium, 
lution 23.97 gpl 2.15 gpl 207 gpl . - is 
Bs newutober solution | 17.62 gpl | 0.03 gpl 249 gpl iron and COPppes. content; and recovers in the non 
Neutralized slag leach solution 93.70 gpl 0.47 gpl volatile residue any silver and gold present. 
Crude selenium 99.12 pet 0.010 pet 


Cee eee aa naan 


After every second charge, the retort is cooled, 


Table IV. Typical Analyses of C.C.R. Slimes and Doré Materials 


In Parts per 1000 


age eee ee 


1 Lead Copper Flue Scrubber Doré Silver Gold 
Bene te nee Noe Slag Slag Dust Mud Metal Bullion Bullion 
21.93 3.73 4.00 5.98 2.19 17.38 3.25 0.05 
ae oe ae%0 2 2803 11,900 338 417 ee anes ees Sen 20° pens 368 
59 1200 ‘ A 
oe brah 330.83 @ 1.60. 6.56 0.45 0.37 22.71 5.58 3111 = ee _ 0.002 
Te pet 3.76 2.21 3,36 0.93 0.52 12.27 0.91 2.79 5 
Pb pct 21.70 
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Table V. Typical Analyses of Doré Furnace Charge and 


Products 
Selenium 
Doré Soda- | Matte and Cot- : 
Leached Fce. Niter Skim- trell Doré 
Slimes Slag Slag mings Fume Bullion 

Cu 2.18 4.82 6.0 16.0 
Ag 3367 403 808 4571 1805 777.68 
Au 897 13 16 1009 8 193.06 
Se 0.70 2.0 0.26 3.9 
Te 4.35 6.8 2.38 2.9 
Pb 28.79 17.18 1.0 
Ni 0.39 0.42 
Fe 3.6 
‘S) 5.62 
As 1.04 0.66 0.18 
Sb 9.60 12:31 2.4 
Bi 0.05 0.24 
CaO 
SiOz 37.6 


removed from the furnace, and cleaned of any accu- 
mulated residue. The residue containing about 65 
pct Se as iron selenide is ground, screened, digested 
with sulphuric acid and roasted in the chain roaster 
at the silver refinery. 

The retort bowls are heated in an oil-burning fur- 
nace at a temperature just sufficient to distill the 
selenium (1200°F). The retort distillate is collected 
in blocks which are allowed to cool slowly to obtain 
the grey metallic variety. 

Metallic selenium is broken in a small jaw crusher 
and then pulverized in a pebble mill which is oper- 
ated in closed circuit with an inclined vibrating 
screen. All +200 mesh is reground in the ball-mill. 


The Electrolytic Refining and Smelting Co. of 
Australia Proprietary Limited, Port Kembla, N. S. 
W.: E.R.&S. treats the slimes from the copper re- 
finery at the Mount Lyell Mining & Railway Co. 
Ltd., Queenstown, Tasmania, as well as the slimes 
from its own anodes. 

Mt. Lyell slimes contain much copper sulphide 
which necessitates roasting to the oxide, since cop- 
per sulphide is insoluble in sulphuric acid. Mt. Lyell 
slimes, if treated alone, tend to frit when roasted, 
due to high copper content—67 pct. It was found 
necessary to roast and leach twice to reduce the 
copper to a sufficiently low level for satisfactory 
Doré furnace operation. On the other hand, E.R.&S. 
slimes do not settle readily when leached alone. For 
these reasons, it is preferred to mix the slimes be- 
fore treatment (fig. 3). 

A coal-fired reverberatory furnace, with two 
superimposed hearths, 19 ft 6 in. x 9 ft Q in., is used 
for roasting. The combustion gas passes over the top 
roasting hearth and under the bottom drying hearth. 

Three different types of roasts are used, depend- 
ing on-the amounts of slimes to be treated and the 
labor available, as follows: 


1. 14 hr roast. One-half of the furnace is dis- 
charged and recharged alternately every 7 hr. 
This is used for Mt. Lyell slimes, or a mixture 
of the two slimes. 

2. 16 hr roast. The charge is in furnace for 24 hr, 
but rabbled during 16 hr only. This method is 
not used alone for Mt. Lyell slimes because of 
tendency to frit if not rabbled continually. 

3. 24 hr roast. Higher proportions of Mt. Lyell 
slimes can be treated with this roast. 


At completion of the roast, the slimes charge is 
quenched with water to prevent fuming and dust- 


ing and is raked from the roaster into portable hop-— 


pers for charging into the leaching tanks. These 
tanks are constructed of sheet lead on a skeleton 


steel framework and are equipped with two-bladed 
antimonial lead propellers. The necessary solution is 
first charged to the tanks, and then sulphuric acid is 
added. Live steam is used for heating and agitation 
is continued for 2 hr, at which time the copper 
should all be dissolved. Sodium chloride is used to 
precipitate any soluble silver. The solution is allowed 
to settle and is decanted through a charcoal-filled 
filter box to the copper sulphate plant for recovery. 

The leached slimes are then filtered and dried on 
the lower hearth of the roaster, bagged and stored 
until sufficient are accumulated for a Doré furnace 
campaign. The leached slimes contain about 2 pct 
Cu, 11 pct Ag, 3 pet Au, 0.7 pet Se, 4 pct Te, 28 pct 
Pb: 


When the quantity of slimes is in excess of the 
roaster capacity, a Pachuca is used to leach the ex- 
cess. E.R.&S. prefers to use the roaster for all slimes, 
since some selenium, tellurium and arsenic are elim- 
inated in this way. Also, because copper sulphide is 
unaffected by sulphuric acid, Pachuca leached slimes 
causes excessive quantities of matte in the Doré fur- 
nace. 

E.R.&S. is presently engaged in improving its 
slimes treatment processes, and the above difficulty 
will be overcome. 

The Pachuca consists of a lead-lined steel tank 
3 ft 6 in. diam by 16 ft 0 in. high, fitted with a cone 
bottom. Live steam is used for heating. Compressed 
air used for oxidation provides all the agitation 
necessary to suspend the slimes. A charge of 1000- 
1800 Ib slimes can be leached every 24 hr. The 
Pachuca slimes are smelted with regular leached 
slimes. 

The Doré furnace is an oil-fired reverberatory. 
The removable hearth, 4 ft 1% in. x 4 ft 0 in. is built 
of magnesite brick set on end with Grefco cement 
in an iron frame, which is held on lifting jacks and 
set on a track for ready removal. A paste of mag- 
nesite plus 5 pct silicate of soda is used for making 
a tight joint when a hearth is to be raised into place. 
When the hearth is in place it is fettled with 4 in. 
of magnesite. The inner furnace walls are magnesite 
and the arched roof is high-alumina. 

The exit gases from the Doré furnace pass under 
a waste heat boiler which serves to cool the gases. 
Gases from all furnaces are passed to a water scrub- 
ber for humidification and then to the Cottrell. 

When its specific gravity exceeds 1.05, the scrub- 
ber and Cottrell solution is withdrawn for selenium 
recovery. The residue collected in the scrubber is 
filtered, bagged and returned to the roasting fur- 
nace. Cottrell tube cleanings are treated in the same 
way. 

Leached slimes are charged to the Doré furnace 
with soda ash, silica and niter (if Pachuca slimes 
are present) in approximately these proportions: 


Lb 
Leached slimes 420 
Selenium matte 50 
Cottrell fume 50 
Soda Ash 100 
Niter 10-20 (if Pachuca slimes 


are being treated) 


When the charge has melted, coarse charcoal is used 
to reduce metal from the slag which is then skimmed 
and another charge is added. Three charges are 
made per 8-hr shift until sufficient bullion has ac- 
cumulated for refining. This takes 3 or 4 days. The 
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Doré slag is returned to the Matting Furnace De- 
partment. 

The selenium matte which forms a layer above 
the bullion, is decomposed by rabbling with soda 
ash and niter. The soda-niter slag is treated for se- 
lenium and tellurium recovery by leaching, if it 
contains at least 12 pct tellurium. Otherwise, it is 
retreated in the Doré furnace or sent to the copper 
smelter, depending on its precious metal content. 

Air is blown onto the surface of the bullion which 
is then cleared by thickening with ashes and skim- 
ming. The skimmings, known as “Selenium Matte” 
are recharged to the Doré furnace in the subsequent 
campaign. This process is repeated and finally the 
bullion is refined with niter until the fineness is 
about 980 and is then cast into anodes for parting in 
5 Cea type cells of glazed porcelain. (Table 


Norddeutsche Affinerie, Hamburg, Germany: 
Norddeutsche’s selection of slimes treatment flow- 
sheet (fig. 4) is predicated on the proximity of the 
Norddeutsche Affinerie’s own lead refinery. It is in- 
teresting to note that the Norddeutsche process is 
somewhat similar to that used by American Smelt- 
ing and Refining Co., Barber, New Jersey, whose 
copper refinery is also close to a lead smelter. 

There is considerable variation in the analyses of 
anodes being treated at Hamburg, as is shown in 
table I. This accounts for the varied analyses of 
slimes charged to the cupel furnaces. 

Slimes from the electrolytic cells are settled and 
the supernatant electrolyte is returned to the tank 
house. The thickened slimes are pumped into a brick- 
lined oxidizer to which water and sulphuric acid 
are added to obtain 120 gpl H.SO,. The mixture is 
heated to 140°F with direct steam. Compressed air 
is blown through the tank to oxidize and dissolve the 
copper. Blowing_is continued until the free acid 
content of the liquor becomes constant. The slimes 
are then settled and the clear liquor is returned to 
the tank house. 

After leaching, the slimes contain only 2-3 pct 
copper, compared to 16-20 pct before treatment. The 
treated slimes are passed to a rotary vacuum filter 
and are dried on a drum dryer to 10 pct moisture. 
These slimes, which are the feed for the cupellation 
plant, contain: 


Cu 2-3 pct As 3-4 pet 
Ag 408-612 oz per ton Sb 5-7 pet 
Au 26-131 oz per ton Sn 1.1-4 pct 
Se 4-10 pe Fe 0.25 pet 
Te 0.6-1.3 pct SiOz 5-9 pct 

(2 eb 9-18 pct i 0.4-1 pct 
Ni 0.6-4.0 pct 


The slimes are processed with foreign slimes and 
lead containing 4% pct silver plus gold, from the 
lead refinery. About 880 lb of lead is required per 
ton of dry treated slimes. The charge is oxidized by 
blowing with air, and produces 660 lb of rich lead 
and 2000 Ib of slag per ton treated slimes. The rich 
lead produced in the first cupel contains 30-40 pct 
silver plus gold, 50 pct lead and 6 pct copper. 
The cupel is made of rammed marl and lasts for 
about 25 charges. 33 tons of slimes are cupelled per 
charge. The cupellation takes 9 hr per ton of charge 
and consumes 1800 lb of coal per ton of slimes 
charged. The gas from the first cupellation is passed 
to a wet Cottrell for recovery of the metal content 


~ asa selenium mud which is later treated for selenium 


recovery. aan 
The products of the second cupel are silver bullion 


h Solin: and washwater 
to T.H. 


Slimes 
fromT.H. 


SETTLING 
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OXIDIZER 
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Treated slimes 
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bearing lead 
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to Se plant 


Dust to 
Se plant 


Fig. 4—Norddeutsche Affinerie. Silver refinery 
flowsheet. 


Y metal 


containing 99 pct silver plus gold, and litharge con- 
taining 62 pct lead, 13 pct copper and 4 pct silver 
plus gold. The second cupel furnace can treat up to 
10 tons of silver bullion per charge. The second 
cupellation requires 25 furnace hr per ton bullion. 
The cupel lasts for 15 charges and requires 2.8 tons 
coal per ton silver bullion produced. 

The gas from the second cupellation is treated in 
a dry Cottrell. As a rule, the Cottrell dust is smelted — 
in the lead blast furnace; when rich in selenium it 
is treated together with the mud from the wet Cott- 
rell for selenium recovery, as explained later. 

The bullion from the second cupel is cast into 
anodes measuring 10 x 8 x % in. and weighing 320- 
350 oz. These anodes are electrolyzed in earthen- 
ware Moebius cells. ; 

Selenium is recovered at Norddeutsche from three 
materials: the mud and solution from the wet Cott- 
rell and the dust from the dry Cottrell. The analyses 
of these materials are: 


Selenium Materials 


Se Te Pb SiOz He2S O04 
Cottrell solution, gpl 95 270 
Cottrell mud, pct 25-31 16-18 3-4 
Flue dust, pct 20-23 1- 


The Cottrell mud and flue dust are mixed and 
leached in a brick-lined tank with HCl (30 pct), 
H.SO, and NaClO,;. Depending on the selenium con- 
tent of the materials, they are leached two or three 
times, countercurrently. The leached residue is re- 
turned to the blast furnace for lead recovery. 

Hydrochloric acid is added to the clear solution 
from the first leach and the selenium is precipitated 
with sulphur dioxide. The precipitated selenium is 
filtered, washed, dried, melted and pulverized. 
Should the tellurium content of the selenium pre- 
cipitate be excessive, the selenium is redissolved in 
hydrochloric acid and sodium chlorate and repre- 
cipitated with sulphur dioxide. 

After removal of the selenium by filtration, the 
spent solution is diluted with water, and treated 
again with sulphur dioxide to precipitate tellurium. 
The tellurium is filtered, washed, dried, melted and 
pulverized. The solution after tellurium removal is 
neutralized with lime and discarded. 
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Fig. 5—Outokumpu Oy. Silver re- 
finery flowsheet. 


The overall chemical consumption per pound of 
selenium produced amounts to: 


NaClOz3 11b 

HCI, 19° Be 2-2.5 Ib 
H2SOz, 60° Be 1.2-1.5 Ib 
SOs 2-2.2 lb 


Outokumpu Oy, Pori, Finland: The anodes re- 
fined at Outokumpu have a very high nickel con- 
tent (0.7 pct), so that the resulting raw slimes 
require an intensive treatment to remove nickel and 
copper prior to Doré furnace smelting (fig. 5). 


The processing covers the following steps: 

1. Drying and air roasting raw slimes to oxidize 
the copper content. 

2. Sulphuric acid-digesting and water-leaching of 
roasted slimes to dissolve copper and nickel as 
sulphates. 

3. Sulphatizing roast of leached slimes under re- 
duced pressure to eliminate selenium. 

4, Smelting of treated slimes to Doré metal. 

5. Parting of gold and silver; recovery of platin- 

um metals. 

Raw slimes from the tank house are thickened by 
settling, filtered in a press and washed free of elec- 
trolyte. The raw slimes analyze: 11 pct Cu, 45 pct 
Ni, 9 pct Ag, 0.5 pet Au, 4 pet Se. The washed raw 
slimes are air-roasted in a stainless steel electrically- 
heated rotating drum, 2 ft 8 in. diam by 9 ft 10 in. 
long. Electrically heated air is circulated through 
the drum and cyclone by a’ fan. The drum rotates 
¥Y4 rpm and is maintained at a temperature of 660°F. 
The roasted slimes are milled to break up lumps, 
and are then digested with sulphuric acid. 


The digesting is done in two electrically-heated 
cast iron troughs, set in brickwork and equipped 
with lead fume hoods. The temperature of the diges- 
tion is kept below that at which selenium dioxide 
vaporizes (603°F). The digestion is done in batches, 
slimes being added gradually to the bath of hot con- ~ 
centrated acid. The acid consumption is 1.2 lb per 
lb slimes. 

Because operations are on a small scale, and all 
heating is done electrically, the gas volumes are 
very small, and the Outokumpu silver refinery is 
therefore not equipped with scrubber or Cottrell. 

In the acid digesting of roasted slimes, the nickel 
oxide and copper are converted to water soluble sul- 
phates. Some silver sulphate and selenium dioxide 
are also formed. 

The digested slimes are leached in agitated tanks 
with hot condensate from the tank house. The leach- 
ing dissolves most of the nickel and copper plus part 
of the silver and selenium. The latter two elements 
are precipitated from the solution by cementation, 
on copper sludge, which is added to the leach batch. 
The liquor after cementation is filtered through a 
lead plate and frame press and returned to the tank 
house. The slimes as obtained from the press are 
called No. 1 leached slimes and contain about 6 pct 
Cu, 12 pet Ni, 27 pct Ag and 11 pct Se. 

These slimes are dried, digested and leached a 
second time to remove almost all the copper and 
nickel. The liquor is treated as for the first leach 
above. The No. 2 leached slimes contain 0.5 pct Cu, 
0.9 pct Ni, 36 pct Ag and 13 pct Se. 

It is important that the nickel content of No. 2 
leached slimes be kept low, as it has been shown 
that high nickel content of slimes results in low 
yield of Doré metal due to sticky slags. 

The No. 2 leached slimes are filtered and charged 
into cast iron pans with a measured amount of con- 
centrated sulphuric acid. The pans are then placed 
in an electrically-heated stainless steel muffle fur- 
nace. The selenium dioxide and sulphur dioxide are 
drawn from the furnace by suction and are absorbed 
in weak sulphuric acid solution forming selenium 
and additional sulphuric acid. 

The roasting operation is a batch process and pro- 
duces refined slimes containing less than 1 pct se- 
lenium. 

The solution from the absorption towers is re- 
turned to the settling tanks. Selenium is precipitated 
by sulphur dioxide and purified by distillation. 

At Outokumpu the production of selenium is rela- 
tively unimportant but sulphatizing-roasting is car- 
ried out to facilitate Doré smelting. 

The refined slimes with suitable fluxes are charged 
to a small oil-fired furnace. Smelting operations are 
simple due to the prior removal of copper, nickel 
and selenium, and slag losses are therefore kept low. 


The Doré slag is charged to the copper anode fur- 
nace. 


Doré anodes contain: 


Se a ee ee Oday a I eT Gi nye ee 


Pet Pet 
Cu 1.12 Pt 0.02 
Ag 92.69 Pd 0.05 
Au 4.92 Bi 0.01 
Se 0.03 Pb 0.006 


These anodes are electrolyzed in Moebius cells. 

Rhodesia Copper Refineries Limited, Nkana, 
Northern Rhodesia: Rhodesia Copper Refineries Ltd. 
is owned jointly by Rhokana Corporation Ltd. and 
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Table VI. Comparative Operating Data 


Refinery 


Type of Cell 


Electrolyte 
Ag, gpl 
Cu, gpl 
Free HNOs, gpl 


Circulation 


Current 
Current per cell, amp 
Current density, amp per sq ft 


Voltage per cell, volts 
Current efficiency, pct 
Kw hr per Troy lb Ag 


Anodes 
Composition, ppt 
Size 
Weight, troy oz 
No. per cell 
Life 
Method of support 
Anode enclosure 
Anode enclosure 
Anode scrap, pet 


Cathodes 
Number per cell 
Material 
Size 


Cells 
Material of construction 


Number 
Size 


Cell arrangement 


Silver removed after ? hr 


C.C.R. 


Moebius 


100 
15 
2 


Stirring by 
mechanical scraper 


500 
30 cathode 
44 anode 


905 Ag, 85 Au, 5 Cu 
9 in., 6 in., 4% in. 
150 


By clip from bus bar 


Bag 
21% in., 2 in., 15% in. 
25 


6 

Rolled silver 
sheets 
20 x 12 x 1/16 in. 


Steel, rubber-and- 
brick lined 


15 

30% x 30% x 
24 9/16 in. 

3 sets of 5in 
series 

12 


E.R.&S. 


Balbach-Thum 


90-120 
60 max. 
3-10 


None 


200 
40 anode 


5.0 
? 


? 


778 Ag, 193 Au 
10% in., 7% in., % in. 
70 
10 
2-3 days 
In a cradle 
Cradle, 2 per cell 
26 in., 9% in., 7% in. 
° 


Carbon strips 


24x5x % in. 


Glazed earthenware 


20 
49 x 24x 9% in. 


20 in-series 


# 


Nchanga Consolidated Copper Mines Ltd. and re- 
fines the entire copper output of these two com- 
panies. 

Because only 2.8 lb of raw slimes are produced 
per ton of anodes refined, slimes are cleaned from 
electrolytic cells only once every 100 days.and sent 
to another refinery for treatment. The refinery 
capacity at Nkana is being increased to 12,000 tons 
per month, and it is probable that a treatment plant 
will be ultimately built to recover Au, Ag, Se and 
Te. Judging by their analysis, Nkana raw slimes 
would be well suited to decopperization by aeration 
in weak sulphuric acid. 


Parting Plant Practice: As noted in the introduc- 


‘tion, the second portion of the paper describes 


methods of treatment of raw slimes up to the pro- 
duction of Doré metal. To complete the data, this 
final section covers electrolytic parting plant prac- 
tice in general, although figures for two actual 
plants are used as illustrations. 

Doré metal is parted electrolytically in either 
Balbach-Thum or the more generally used Moebius 
cells. Comparative operating data are given in table 
VI. 

The Moebius cells are arranged in 3 groups of 5 
cells each. Fifteen anodes are suspended in each cell, 
so that the total loading for 15 cells is 34,000 troy oz. 
Each set of three anodes is enclosed in a filter duck 
bag. On parting, the silver dissolves in the elec- 
trolyte at the anode and plates out as a nonadherent 
deposit on the cathode. The gold from the anode is 
collected as an insoluble mud inside the bag. 

In each Moebius cell is suspended a wooden frame 
basket having a filter cloth bottom. Continually re- 
ciprocating wooden scrapers brush the silver crystals 
from the cathodes into the basket filter bottoms. The 


baskets are raised from the cells every 12 hr for 


removal of the silver crystals, which are washed 


with water in a filter-bottom stainless steel cart to 
remove all traces of electrolyte. The washed silver 
sand is dried and melted in a silicon-carbide retort, 
15,000 oz at a time. Silver bullion is cast in 1000 oz 
bars, assaying 999.8+- fine Ag, 2 ppm Au, 2 ppm Se 
and less than 1 ppm Pd. 

Anodes are removed from the Moebius cell bags 
after 24 to 28 hr, scraped to remove the passive gold 
film and replaced in cells for an additional 4 to 6 
hr. When necessary, scrappy anodes are replaced in 
cells by new ones. Once every four days all anodes 
are removed, the bags are drained and emptied and 
the scraped anode scrap is remelted in a graphite 
crucible and cast into Doré anodes for parting. 

The gold mud scraped from the anodes is com- 
bined with that from the bags, washed with water 
and boiled with concentrated sulphuric acid to re- 
move silver and selenium. The acid leached gold is 
washed with water and drained on Filtros blocks. 
The gold sand is melted in a crucible furnace and 
cast into bars assaying 998-+ fine Au. 

In each Balbach-Thum cell, two acid-proof painted 
wooden cradles are immersed 11% in, in the elec- 
trolyte. The cradle bottoms are covered with 12 oz 
duck and five anodes are placed in each cradle, con- 
tact to them being made with a silver stud. The 
anodes in the two cradles in each cell are in parallel, 
while the cells are in series circuit. 

The cell bottom is covered with carbon strips 
which serve as the cathode. One end of the cell 
slopes from the bottom up to the front edge which 
facilitates silver crystal removal. 

Silver crystals are removed from the cathode by 
raking them up the sloping bottom. After the elec- 
trolyte on the silver has drained back to the cell, 
the crystals are transferred to a mobile filter box, 
and washed as described above. 

The gold mud is cleaned from the cradles daily 
after the first two days of each campaign, washed 
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Table VII. Details of Wohlwill Cells 


Type of Cell Wohlwill 
Electrolyte 
Au 70-90 gpl 
HCl 150 
Temperature 150°F 
Circulation 
By glass propeller 
Current 
D.C. per cell 90-95 amp 
Current density 50 amp per sq ft 
A.C. per cell 105 amp 
Voltage per cell 15Vv 
Anodes 
Composition 996 Au, 1.5 Ag, 0.5 Pt, 1.0 Pd. 
parts per 1000 
Size 6x 2% x % in. 
Weight 35 oz each, 315 oz per cell 
No. per cell 9 
Per cent scrap 25 pet 
Cathodes 
Material Pure gold 
Size 11x 2% x 0.015 in. 
No. per cell nel 
Cells 
Material Glazed earthenware 
No. of cells 4 
Volume per cell 20 liters 
Heating Electrically heated water 
jackets 


with water and leached with sulphuric acid. The 
leached gold contains sufficient platinum metal and 
is melted in’a graphite crucible and cast into anodes 
for refining in Wohlwill cells. 

Details of the cells used at E.R.&S. are given in 
table VII. 

The anodes and cathodes are in parallel in each 
cell, and the cells are in series. 

In the electrolysis, gold is dissolved from the im- 
pure anode and deposited on the pure gold cathode. 
A.C. is superimposed on the D.C. to flake the silver 
chloride off the anodes, which would otherwise tend 
to become passive. The silver chloride collects with 
some gold as a sludge at the bottom of the cell. This 
is used for electrolyte makeup, by dissolving in aqua 
regia, boiling off the nitric acid and filtering. The 
filtration removes silver chloride and other im- 
purities, which are melted to Wohlwill residue 
bullion and retreated in the Doré furnace. 

Palladium and platinum dissolve in the electro- 
lyte. Periodically, a portion of the electrolyte is 
withdrawn for platinum metals recovery, and is 
replaced with fresh gold chloride solution. 

As each cathode attains a weight of 60 oz, it is 
removed, washed in cold water and drained. The 
cathodes are melted and cast into bars which assay 
999.7 Au, 0.2 Ag parts fineness. The anode scrap 
from the Wohlwill cells is remelted daily and cast 
into new anodes. 

Scrap from both Balbach-Thum and Wohlwill 
cells is worked up in a diminishing number of cells 
until the particular batch or campaign is worked out 
almost completely. The final scrap is then insufficient 
to run one cell. 
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Side-blow Converter Process 


for the Production of 


Low Nitrogen Steel Ingots 


by R. R. Webster and H. T. Clark 


The side-blown converter has been investigated as a possible commercial process 
for the production of low nitrogen steel. During this work, two converters of 3-ton and 
22-ton capacity were operated on a pilot plant basis for a total of 214 heats. The 
steel made in these converters was low in nitrogen and possessed good cold working 

properties. Some problems of converter operation remain to be solved. 


N plants operating with a high iron capacity, sev- 
eral different refining methods are used in the 
conversion of the molten pig iron to steel. These in- 
clude various ore practices in stationary and tilting 
open-hearths, the duplex process employing the 
Bessemer converter and open-hearth, and the Bes- 
semer process. 

At J&L, a considerable part of the iron produced 
is handled by the Bessemer process, either alone or 
in conjunction with duplexing, and therefore an 
appreciable portion of the steelmaking research 
effort has centered about the method. This paper 
covers research work on the development of the 
side-blow converter for the commercial production 
of low nitrogen ingots and includes descriptions of 
the operation of a 3-ton and a 22-ton experimental 
converter at the Aliquippa Works. 

The refining of iron to produce steel requires the 
removal of a large portion of the carbon and silicon 
and the control of manganese, phosphorus and sul- 
phur which are present in the iron in varying 
amounts. The first large-scale means of refining iron 
was the acid Bessemer process which was brought 
into use almost 100 yr ago. This method, using com- 
pressed air as the refining medium, accomplishes 
substantially complete removal of carbon, manga- 
nese and silicon. Phosphorus and sulphur are not 
affected but, by choice of an iron composition suf- 
ficiently low in these elements, a commercial product 
can be produced. Since the process will handle large 
tonnages rapidly, operates without external fuel and 
with a minimum of additional equipment, it quickly 
became the major tool in the early expansion of the 
steel industry. Later, the basic open-hearth process, 
by affording control of phosphorus and sulphur and 
by consuming the large quantities of steel scrap that 
were becoming available, forced the acid Bessemer 
process into a secondary position in the industry. 
During the past two decades the demand for steel 
to be used in cold forming and drawing operations 
has gradually increased. Bessemer steel, because of 
its work hardening and aging characteristics, is not 


as suitable for these applications as basic open- 
hearth steel, consequently the decline of the process 
was accelerated. More recently, because of changing 
economic conditions, this long range trend appears 
to have been arrested or perhaps reversed. Ingot 
production data for recent years furnishes only an 
incomplete picture of the importance of the con- 
verter in the American steel industry; open-hearth 
furnaces utilize large tonnages of blown metal for 
which no published statistics are available. 


Metallurgical Aspects 


The fundamental difference between Bessemer 
and open-hearth steels apparently lies not in the 
method of manufacture but, rather, in the differ- 
ences in chemical composition of the two steels. It is 
further believed that the principal features dis- 
tinguishing Bessemer from open-hearth steel are 
the higher nitrogen and phosphorus contents of the 
former. 

Evidence supporting this position is supplied by 
tests on laboratory induction furnace heats that 
were made to contain varying amounts of phos- 
phorus and nitrogen but were otherwise similar to 
normal low carbon silicon-killed steels. Fig. 1, 2 
and 3, summarizing the test results, are taken from 
G. H. Enzian’s paper titled, “Some Effects of Phos- 
phorus and Nitrogen on the Properties of Low Car- 
bon Steels.’* Fig. 1 indicates that phosphorus has a 
marked effect on the cold work embrittlement of 
steel as shown by the work brittleness test of 
Graham and Work.’ In the low nitrogen steels, which 
as a group have the better cold working properties, 
the effect of phosphorus variations is the more pro- 
nounced. 
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Fig. 1—The effect of phosphorous on the 
embrittlement of steel by cold work. 


(Enzian.) 
ments with small foundry-type side- 
blown converters (fig. 4), demon- 
strated that these units could pro- 
duce steel with a nitrogen content 


comparable to that of the scrap open- 
hearth process. Within the limits of 
the tests, the nitrogen content of steel 


from the side-blown converter showed 
no dependence on blowing tempera- 
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PERCENT COLD WORK 


Fig. 2 gives similar information using nitrogen 
as the major variable. Here, the response in the cold 
working properties of the steel to changes in nitro- 
gen content is evident. It will be noted that the 
effects of phosphorus and nitrogen are additive and 
that in the case of low phosphorus steel there is a 
major change in properties at about 0.011 pct nitro- 
gen. 

Fig. 3 shows that aging, as indicated by increase 
in tensile strength at 500°F, is a function of nitro- 
gen content. Hot tensile test® results demonstrate 
that in the lower range, any change in nitrogen is 
quite effective in altering the aging of steel. Above 
about 0.008 pct nitrogen, the steel has strong aging 
characteristics and the effect of additional nitrogen 
is not pronounced. Phosphorus does not appear to 
contribute to aging and both high and low phos- 
phorus steels were used in preparing the figure. 

The effect of oxygen and hydrogen on the prop- 
erties of Bessemer steel have been considered but 
there is no substantial evidence that they are major 
contributing factors. 


Preliminary Work 


As early as 1939, study of the Bessemer process 
had shown the way to possible improvement of its 
product. The work was directed primarily toward 
nitrogen control*° since phosphorus is normally 
handled by duplexing and, should the problem arise, 
it may be removed in the converter shop by the 
Yocum*® and Perrin’ processes or by final treatment 
in a basic lined converter. 

Nitrogen absorption in the bottom-blown con- 


’ verter was found to be dependent on (1) operating 


Fig. 2—The effect of nitrogen on the 


temperature, (2) length of blow, and (3) bath 
depth. Also, by increasing the oxygen concentration 
in the process, that is, the substitu- 
tion of ore for the cold scrap used in 
the control of blowing temperature, 
nitrogen was lowered. The use of sev- 
eral of these methods simultaneously 
resulted in a very considerable reduc- 
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ture or blowing time. 3 

No information was available on ~ 
the physical properties of unkilled 
10 steel made by the side-blown con- 
verter so, on special order, a rimmed 
ingot was made at a steel foundry. 


Table I. Composition and Physical Properties of 
Experimental Side-blown Steel 


Chemical Composition in Percent 
Cc Mn Pp Ss Ne 


0.045 0.031 0.004 


Physical Properties of Normalized Steel 


Tensile Strength 58,170 psi 
Yield Point 46,680 psi 
Elongation 38 pct 
Reduction in Area 67.7 pet 
Hardness—Rockwell B 61 

Brinell Hardness Number 115 

Izod 95 £t Ib 


This ingot was rolled into bars and tested. The com- 
position and physical properties of the heat are 
shown in table I while fig. 5 gives the work brittle- 
ness results. The properties are sufficiently good 
that’ it is comparable to duplex steel rather than 
Bessemer which, incidentally, would fall in the lower 
third of the shaded area. 

Investigation of the literature*’ disclosed that 
even before 1900, side-blown converters had been 
used for the production of ingots and that processors 
had claimed superior cold working properties for 
such steel. This position was not generally accepted 
and the side-blow process was relegated to the 
foundry where it is still used today, largely because 
it will produce very high temperature blown metal. 


Design and Operation of the 3-ton Experimental 
Converter: These preliminary investigations with 
bottom-blown, mill converters, and side-blown 
foundry converters indicated that a considerable 
degree of control over the nitrogen content of Bes- 
semer steel can be exercised by changes in steel- 


.0957/.115 % PHOSPHORUS 


tion in nitrogen. However, the per- 
missible changes in operating condi- 


tions are controlled largely by the 
design of the converter shop so that 
under satisfactory operating proce- 
dures the improvement in nitrogen 
content was not sufficient. 

Parallel with the work on the 
bottom-blown converters, experi- 


IZOD IMPACT - FOOT POUNDS 


embrittlement of steel by cold work. 
_(Enzian.) 


2 
PERCENT COLD WORK 
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making practices. However, radical changes in 
either design or operation could not be made on 
the mill converters without undue loss in produc- 
tion and excessive costs. It was evident early in the 
work that more rapid progress would be made if 
an experimental unit were available so that varia- 
tions in blowing practice, etc. could be made at will. 
The following considerations were believed to be of 
paramount importance: 


1. The nitrogen content of the steel should be as 
_low-.as possible. 


2. The operation of the vessel should be efficient, 
with high yields of metal (little spitting or slop- 
ping), short blows, good refractory life, adequate 
blown-metal temperature, etc. The small foundry 
side-blown converter does not meet this require- 
ment satisfactorily. 


3. The unit should be capable of enlargement to 
full commercial size with a minimum of change. 


Plans were drawn up, therefore, for a pilot con- 
verter which would make about three tons of steel. 
Into the design were incorporated features that 
would give maximum flexibility of operation. An 
acid lining was used; serious consideration was 
given to basic linings for phosphorus removal as in 
European practice, but this phase of the work was 
deferred until the completion of the studies with 
acid refractories. 

Two views of the experimental converter are 
shown in fig. 6 and 7; sections through the converter 
are given in fig. 8; detailed data on the converter 
and its accessories are found in table II. The signi- 
ficant features are the following: (1) Air is blown 
across the surface of the metal rather than through 
it, (2) the space above the metal surface is enlarged 
appreciably over that of a standard side-blown con- 
verter and (3) the capacity may be increased by 
increasing the length along the cylindrical axis. 
Enlargement of the area above the bath should tend 
to reduce slopping and spitting encountered in side- 
blown operation by offering no lateral support for 
foaming slag, by reducing the velocity of the air, 
and by introducing into the air stream a swirling 
motion which would tend to deposit entrained par- 
ticles on the side-walls of the vessel. Finally, the 
enlargement of the vessel by increasing its length 
and inserting more tuyeres should not affect the 
critical factors of bath depth, bath width, and 
amount of air blown per ton of metal. 


FOUNDRY TYPE SIDE-BLOWN CONVERTER 


NORMAL 
WEAR OF 
CONVERTER 

LINING 


eat & SECTION A-A 


Fig. 4—Foundry type side-blown converter. 


Vessel Operation 


The program for the operation of the experimental 
converter was set up and the work so arranged that 
commercial practices were followed as closely as 
practicable in order to give a comparison of the be- 
havior of the experimental converter with that of 
regular vessels. Accordingly, the blown metal was 
deoxidized as in regular Bessemer practice and 
teemed into 18x18 in., 22x24 in. or 25x25 in. molds. 
The types of steel made were similar to those pro- 
duced in the regular Bessemer converter including 
rimmed, mechanically capped, and silicon capped 
practices. The ingots were sent to the blooming mill, 


rolled and fabricated into commercial products. - 


Samples were obtained from the billets for labora- 
tory tests of physical properties. 


Table II. Data on 3-ton Experimental Converter and 
Accessories 


1. Vessel Dimensions (see fig. 8) 
Height (outside) 
Diameter (outside) 
Length (outside) 


15 ft 3 in. 
12 ft 
6 ft 6 in. 


2. Vessel Lining (see fig. 8) 


Thickness 1 ft 2in. to 2 ft Qin. 


Material Mica Schist 
3. Tuyeres 
Number 6 
Size 1% in. id, 6 in. od, 34 in. long 
Material Fireclay 


4. Bath Data (Estimated) 
Size of Bath Max. Depth 
3 Ton 8 in. 
5 Ton 12 in. 


Surface Dimensions 

5 ftx 3 ft 8in. 

5 ft 6 in. x 3 ft 10 in. 

5. Mouth Opening (Estimated) 23 x 33 in. (with 8 in. 
radius on corners) 


6. Auxiliary Equipment 
Drive Mechanism 
Iron Ladle 
Steel Ladle 
Molds 


35 HP Gear Motor 

7 ton capacity 

10 ton capacity 

18 x 18 in., 22 x 24 in., 25 x 25 in. 


7. Air and Steam Supply 


Air Pressure in Line 24-28 psi 
Operating Air Pressure 5-15 psi 
Operating Air Volume (Flow)! 3-10,000 cfm 
Size of Air Line 10 in. 

Air Shut Off Manual 


Air Pressure Control 
Air Volume Control 
Size of Steam Line 
Maximum Steam Flow 
Steam Control 


Manual and Automatic 
Manual and Automatic 
2% in. 

120 ppm 

Manual 


8. Instruments ; 

Air Pressure Indicating and Recording 
Indicating and Recording 
Indicating and Recording 
Indicating and Recording 


Air Volume 
Air Temperature 
Steam Volume 


Steam Pressure Indicating and Recording 
Flame Record Indicating and Recording 
Total Air Volume Indicating 
Total Steam Volume Indicating 


ee eee 
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Fig. 5—Relative work sensitivity of side-blown 
Bessemer and rimmed duplex steels. 


The operation of the experimental converter was, 
of necessity, limited to one turn a day so that the 
converter, ladles and molds were cold at the start 
of each turn. About 41 pct of the 185 heats made 
were blown with a relatively cold vessel, whereas 
the commercial Bessemer converter operates at all 
times with an inside vessel temperature of well over 
2000°F. Thus the problems of control were compli- 
cated by rapidly changing temperature conditions 
for the first heat of each day and it was difficult to 
maintain uniform pouring and teeming tempera- 
tures. Also, because of the location of the experi- 
mental unit, it was necessary to allow the ingots to 
cool in the molds and bank them until a sufficient 
number was accumulated to permit a rolling sched- 


Table II. Operating and Metallurgical Data On Three 
Types of Experimental Converter Blows 


Blow No. Blow No. Blow No. 
RB 103 RB 121 RB 115 
Date Blown 3/19/43 4/6/43 4/2/43 
Type of Blow Surface Subsurface Combination 
Charge X1000 lb 14.0 14.5 12.8 
Blowing Time Min 22.5 20.0 18.0 
Air Pres. psi 2-4 6.0 6.5 
Air Flow 1000 cfm 5.5 5.0 5.0. 
Tuyere Size 2% in 2 in. 2in. 
Tuyere Angle 8° 8-1° 6.5-2-1° 
Iron Composition 

= Pet Pet Pet 
Manganese 0.34 0.44 0.50 
Phosphorus 0.098 0.113 0.102 
Sulphur 0.038 0.028 0.041 
Silicon 1.17 1.30 1.28 


Steel Composition 


; Pet Pet Pet 
Carbon 0.12 0.08 0.08 
Manganese 0.36 0.43 0.44 
Phosphorus 0.106 0.112 0.105 
Sulphur 0.038 0.025 0.034 
Silicon 0.03 0.03 0.03 
Nitrogen 0.003 0.007 0.006 


Slag Composition 


EE —————— Ea 


Pet Pet Pet 
FeO 36.25 24.38 28.38 
Fe203 2.30 1.43 1.43 
AlsO3 3.05 2.68 2.01 
MnO 3.16 9.30 11.16 
CaO 0.81 0.73 0.20 
SiOz 53.78 60.40 56.20 


Fig. 6 (above) — 
Three-ton, J & L, 
side-blown 
converter 
(side view). 


Fig. 7 (right)— 
General view of 
the converter 
shop. 


ule. As a result, only about 33 pct of the heats can 
be considered satisfactory on all of these counts; 
yet 90 pct of all the heats were applied experi- 
mentally to commercial products. Under normal 
mill conditions, the uniformity of the steel would 
obviously be better. 

Three distinct methods of operation were em- 
ployed: (1) Surface-blowing, in which the tuyeres 
are located at or above the surface of the bath, (2) 
subsurface-blowing, with the tuyere openings be- 
low the metal surface, and (3) combination blowing, 
that is, use of both of these methods during a single 
heat. Fig. 9 illustrates the positions of the converter 
for surface and subsurface operation. Factors such 
as temperature and composition of the metal and 
slag, blowing time, fluidity of the slag, and vessel 
efficiency are all affected by the blowing method 
used. Table III is an excerpt from the operating data 
sheet and illustrates the type of information col- 
lected. 

Experimental Results 


In summarizing converter performance, the data 
have been divided so that surface blowing and sub- 
surface blowing can be compared with each other 
and with bottom-blowing practice. Whenever pos- 
sible, use is made of frequency diagrams to illustrate 
the behavior of the process under these two condi- 
tions of operation. Since combination blowing would 
lie between these extremes and would vary all the 
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Fig. 8—Sectional views of J & L experimental converter. 


way from one to the other, depending on the portion 
of the blow employing each method, it has not been 
included for comparison. 


Steel Composition: In the majority of heats the 
steel composition desired was: 0.08 pct carbon, 0.30- 
0.40 pct manganese, low silicon, phosphorus and 
sulphur as dictated by iron composition and as low 
a nitrogen value as possible. 


Nitrogen—The nitrogen content produced by sub- 
surface operation was slightly higher than by sur- 
face blowing and both methods gave a large reduc- 
tion over that of the bottom-blown mill converters. 
Fig. 10 shows the distribution of nitrogen content 
of the heats made by each method of blowing and 
for comparison, nitrogen ranges of other steel- 
making practices also are given. It will be noted 
that the surface-blown heats fall well within the 
range for scrap practice open-hearth steel. 


Carbon—Fig. 11 gives the distribution of carbon 
content in the finished steel for surface and sub- 
surface blowing. It is evident from these curves that 
surface blowing does not produce as low carbon as 
regular bottom blowing Bessemer though, by sub- 
surface operation, carbon values closely approach- 
ing the bottom-blown converter can be obtained. 
Where low carbon is desired along with the lowest 
nitrogen content, the combination blow, consisting 
of surface operation for most of the period and sub- 
surface blowing at the finish, appears to be the 
logical choice. 


Fig. 9—Converter positions for surface and sub- 
surface blowing. 


Table IV. Typical Compositions of Converter Slags 


Pet Pet Pet Pet Pet 
FeO Fe2Oz MnO SiOz Al2,03 
Experimental 38.18 3.43 3.81 49.10 3.18 
Surface-blown 
Experimental 27.73 1.50 8.56 58.50 2.34 
Subsurface- 
blown 
Regular 16.32 2.91 10.00 67.61 2.12 
Bottom-blown 


Table V. Range of Temperatures for Experimental Steel 


(Optical readings on the stream) 


Maximum Minimum Average 
oF oF oF 
Surface 3157 2840 3006 
Subsurface 3064 2890 2998 


Manganese—The manganese content is largely a 
function of the efficiency of the manganese addition 
to the ladle. With surface-blown heats the efficiency 
varied considerably because a thin converter slag 
was produced by this process and varying amounts 
of the slag reached the ladle where it reacted with 
the manganese addition. In the case of subsurface 
blowing the slags were much thicker and, in the 
main, were held in the converter. Under these con- 
ditions the manganese content remained uniform 
and the efficiency of the added manganese was nor- 
mal (approximately 72 pct average). 


Other Elements—Phosphorus is not removed in 
an acid lined converter, therefore the phosphorus 
content was determined by the iron composition. 
Silicon removal by subsurface operation was com- 
parable to the regular bottom-blown converter but 
surface blowing gave slightly higher silicon values. 
Unlike acid bottom-blown operation, sulphur was 
removed by subsurface blowing to the extent of 
14.5 pet average and by surface blowing, 16.5 pct 
average. The mechanism by which this is accom- 
plished is not clearly understood. 


Slag Compositions: Surface blowing gave thin, 
fluid slags that drained into the ladle and interfered 
with ladle deoxidation. The slags produced by sub- 
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Table VI. Bath Depths and Average Blowing Times for factor in securing better control of the slag and 
Various Sized Heats greater manganese efficiency. 


Size of Charge: The size of the heats made dur- 
ing the campaign varied from 6000 to 22,600 lb. 
Originally the vessel was designed for approximately 


Size of Charge, Lb Bath Depth, In. 


10,000 2 6000-Ib charges. During the early operations, some 

: difficulty was experienced in handling the relatively 

“NOE oes eRe ae small amounts of metal and subsequently, the 

Ciaree Lb Heats Thue, Minutes charge was increased to 13,000 Ib which gave rea- 

j sonably uniform operation of the vessel and per- 

6,000-10,000 46 14 mitted pouring an ingot of mill size (22x24 in.). 
2 Oe aneees oon Se os Later, in an effort to determine the maximum operat- 


ing capacity of the shell, charges containing up to 
22,600 lb of iron were handled. This is considerably 
surface blowing were drier and handled more like in excess of the optimum capacity for the vessel and 
slags from the bottom-blown converter. Table IV to accommodate a charge of this size it was neces- 


gives examples of typical slags obtained by surface, sary to remove part of the lining in the bottom of 

subsurface, and regular bottom-blowing practices. the converter. Table VI shows the bath depth and 

The most significant change is in the FeO content blowing times for several sizes of charges. Since 

which has a direct effect on the fluidity of the slag. | the air flow could not be increased proportionately 
A decided decrease in the amount of slag pro- with the size of charge, the time of the blow was 

duced by the subsurface-blowing method was ob- longer for the larger heats. 

served. The majority of heats had approximately Blowing Time: Blowing times in minutes per ton 


125 Ib of slag per ton of iron which is comparable for subsurface-blown heats were less than for sur- 
to the weight of slags from regular bottom-blown face blows as shown by the distribution curves of 
converters and is less than that from sur- 


face-blown heats. This is attributed to the 50 
- more violent turbulence throughout the 
bath during subsurface blowing in place 
of the limited metal and slag agitation that an 


occurs during surface blowing. 
SUBSURFACE f\ SURFACE 


iS 
O 


Temperature: The temperatures obtained 
during subsurface blowing were slightly 
lower than those on surface-blown heats. 
Table V shows the maximum, minimum, 
and average temperatures for both surface 
and subsurface-blown heats. While the 
averages are fairly close, the range of 
temperatures for surface-blown heats is 
greater than that for subsurface-blown 

heats. The narrow range of temperature 
- experienced with the latter practice was a | 
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Oo 


\ 
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_ Fig. 12—Frequency distribution of Ce 6 

- time (minutes per ton) for surface-blown 

~ (109 blows) and subsurface-blown heats (58 @) 5 3:0 45 6.0 is, 90 
blows). BLOWING TIME —-MIN./ TON 
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Fig. 13—Photocell records of converter 

flames obtained by surface, subsurface 

and regular bottom blown Bessemer 
operation. 


Control of the Side-Blown Process: 
The flame from the side-blown con- 
verter is different in appearance from 
that of the bottom-blown converter and 


therefore the control of the blow could 
not be based closely on this practice. 
The most marked difference in the 
photocell records shown in fig. 13 will 
be noted in the case of surface blowing 


START/ OF BLO 


FINISH OF BLO 


BOTTOM BLOWN BESSEMER 


fig. 12. The total time of blow was a function of the 
rate of air flow which, in turn, was limited by the 
tendency for the converter to slop. The faster rate 
of blowing by subsurface operation can be attributed 
partially to the greater air penetration with its re- 
sultant higher reaction efficiency and to the effect of 
the metal in breaking up the air jets and reducing 
the air velocity. 

Air Flow and Pressure: Air pressures required in 
the experimental converter were relatively low as 
compared to the regular bottom-blowing vessels. 
Under all the various conditions of operation, 
operating air pressure ranged from 2 to 17 psi and 
with an air flow of 2000 to 9000 cfm. An air flow of 
5500 cfm was found to give optimum converter 
performance for all sized charges used and the air 
pressure necessary to give this flow was approxi- 
mately 6.5-7 psi. 


Fig. 14—Lining 
wear in experi- 
mental converter. 
Original lining. 


Solid line—original lining. 
Broken line—after 66 blows. 


START OF BLOW 
ed 
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while the subsurface blow occupies an 
intermediate position. There appear to 
be a number of types of flame during 
the carbon elimination period of the 
surface-blow, and the one encountered 
for a particular blow will depend upon 
the metal temperature. The first, cor- 
responding to a cold blow, is an almost 
transparent flame of yellow-green color 
with very little smoke, similar in ap- 
pearance to that of a regular Bessemer 
blow that is being steamed. Through 
blower’s glasses, it appears as a bright 
green. The steel made by such a blow 
would be too cold te be successfully teemed—at least 
for the small heats made in the pilot unit. At a 
slightly higher temperature the flame changes to 
dull red and quantities of smoke are emitted. As the 
temperature continues to increase, the flame bright- 
ens until, through blower’s glasses, green streaks 
begin to appear at the edges. The body of the flame 
still has a red color that becomes more intense as 
the temperature rises. A heat in which the green 
streaks appear about midway in the carbon blow is 
hot enough for proper handling. With further in- 
crease in temperature, the interior of the flame 
changes to a lighter shade of red and the number 
and size of the green streaks increase. At still higher 
temperatures the edges begin to break up and fan 
out or “feather.” When the flame is covered with 
these feathers and the green color has spread _ to 


TOTAL BLOWING TIME ON LINING 23 HRS. 45 MIN. 
——-— AFTER 66 BLOWS. 
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Fig. 15—Embrittlement properties of experimental 
converter and regular Bessemer steels at varying 
temperatures. 


include almost all the flame, the blow is considered 
to be very hot. 

The sparks from the converter are likewise of 
some assistance in judging the temperature since 
their color becomes brighter with increase in tem- 
perature. If observations are made on both the flame 
and sparks, the temperature can usually be judged 
with fair accuracy. Under standardized blowing 
conditions, where the air flow, tuyere size and 
charge are fixed, the flame intensity as shown by 
a recording photocell unit provides a guide to blow- 
ing temperature. 

The end-point of the blow can be determined 
both by photocell equipment and by viewing the 
flame. The bottom-blown converter endpoint occurs 
at approximately 1/3 to 1/2 the peak intensity of 
the carbon flame as shown by the electric eye, and 
at a much smaller change as judged by the eye of 
the observer. In the case of subsurface blows the 
flame decreases to about 1/10 its original intensity 
as seen by both the photocell and the observer. With 
blower’s glasses, the color shifts to a darker red 
with the green fringes disappearing entirely at the 
finish of the blow. In the surface blow the endpoint 
comes rather suddenly and the flame intensity drops 
_ to a very low value. Here again the endpoint is 

noted by a disappearance of the green color in the 
flame. 
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Fig. 17—Effect of nitrogen on the aging character- 
istics of regular Bessemer and experimental steels 

; by the “blue heat” tensile test. 
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Fig. 16—Average work-brittleness results on 
experimental converter and regular Bessemer 
steels. 


Tuyeres: Six single-hole tuyeres were used in the 
converter. Tuyeres made of both fire clay and metal 
pipe and with hole diameters: from 134 to 2% in. 
were tested; the clay tuyere with a 2 in. diam hole 
was chosen as most satisfactory. The tuyeres were 
set in the converter at various angles depending on 
the operation; fig. 8 shows the tuyeres installed 
horizontally. However during subsurface blowing it 
was desirable to have the tuyere slope down into 
the metal bath so that iron could not run out the 
back and therefore the tuyeres were mounted at 
angles from 0° to 7° to the horizontal plane. The 
position chosen was governed by the size charge to 
be blown. 

Vessel Refractory: Mica-schist stone and ganister 
mud were used as the acid refractories for lining 
the experimental converter. These are the same 
materials employed in the mill vessels but the 
method of lining is different in several respects. 
Since the bottom is an integral part of the experi- 
mental unit, the vessel was lined in the blowing 
position instead of being inverted as is done with 
the mill unit. The tuyeres were laid in place as the 
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PERCENT NITROGEN 
Fig. 18—The effect of nitrogen on aging as shown 
by “blue heat” tensile tests of experimental con- 
verter and bottom-blown converter steels. 
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Fig. 19—Comparison of the J & L 3-ton and 22-ton side-blown converter contours. 


Table VII. Laboratory Data On Three Types of Experi- 


Table VIII. Applications of Experimental Bessemer 


mental Converter Steel Ingots 
Blow No. Blow No. Blow No. No. of Percent 
RB 103 RB 121 RB 115 Application Heats of Total 
Heat Treatment Normalized | Normalized | Normalized Common Wire 75 40.6 
Conduit a ae 
Application Wire Pipe Wire Fine Wire 1 ; 
a : Tie Plate 12 6.5 
Pipe 3 1.6 
Screw Stock al 0.5 
Check Analyses Not Applied 45 24.3 
Total : 185 100.0 
Pet Pct Pet 
Carbon 0.11 0.08 0.05 
Manganese 0.37 0.43 0.45 
Phosphorus 0.108 0.118 0.117 : Onrrry nt 
Shipnuk 0.041 0031 0.033 was ore fe heat ae eae This is Sk 
Secon 0:01 0.02 0.01 nized as being not entirely satisfactory since the 
Nitrogen 0.003 0.007 0.005 a & y y 


Physical Properties at Room Temperature 


! 
Yield Point—Psi 44,940 38,750 39,000 
Ultimate Tensile Strength—Psi 63,160 60,750 60,150 
Percent Elongation 35 36 33 
Percent Reduction of Area 67 69 68 
Physical Properties at 500°F 
Ultimate Tensile Strength—Psi 75,750 81,710 82,250 
Increase—Psi 12,590 20,960 22,100 
Work Brittleness Test Results 
Cold Work, Pct Izod-Foot Pounds 
0 59.5 38 58.5 
0.7 32 5 16 
2.6 4 1 2 
4.5 3 2 2 
6.3 4 2 2 
8.7 4 2 2 


lining was constructed so that they became a part 
of the lining. No provision was made for rapid 
change of the tuyeres in the original design and 
later it was determined that none was needed. 
With the first lining, 66 blows were made before 
a major patch was required and, of these, 27 blows 
or 41 pct were first blows of the day when spalling 
would be most serious. Since the converter was 
operated ona one-turn-per-day basis, a gas flame 


temperature of the vessel lining never exceeded 
1500°F for the first blow, but was most convenient 
under the conditions of operation. The experimental 
vessel lining underwent therefore, a severe thermal 
shock on 41 pct of the heats while a mill converter 
is subjected to this shock only on the first blow of 
a new lining or patch. A drawing of the original 
lining, showing the inside contour after 66 blows, 
is presented in fig. 14. It will be noted that the wear 
was fairly uniform around the walls of the vessel 
with the greatest wear occurring at the shoulder in 
the back wall near the nose. This shoulder caused 
some difficulty throughout the investigation in that 
all linings showed considerable loss at this point 
and it was not easy to attach a patch. The tuyeres 
wore at approximately the same rate as the lining 
so that it was necessary to change them only when 
the lining was being repaired. 


Physical Properties of Experimental Steel 


The composition of the experimental steel, inso- 
far as the common elements are concerned, was 
similar to regular Bessemer steel and interest in 
its physical properties centered around those known 
to be influenced by nitrogen content. 

Laboratory tests indicate that the experimental 
steel is superior to the regular Bessemer product 
for applications involving cold work. It has com- 
parable tensile and yield strengths and somewhat 
better elongation and reduction of area; the impact 
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strength is higher than regular Bessemer steel at 
room temperature but as the temperature is reduced 
to 0°F the impact strength of both steels is low. 
Work-brittleness tests indicate that the experi- 
mental steel is somewhat less sensitive to cold work 
and “blue heat’ tensile tests show that its aging 
characteristics are considerably better than those 
of bottom-blown converter steel. 

Examples of laboratory results on the physical 
properties of the experimental converter steel are 
given in table VII and curves summarizing data on 
its sensitivity to low temperature embrittlement, 
cold work and aging are shown in fig. Lo L627 and 
18. The similarity of the curve in fig. 18, which was 
made using experimental converter heats and regu- 
lar Bessemer heats, and fig. 3 made from data on 
laboratory induction furnace heats, is marked. 


Application of Experimental Steel to 
Commercial Products 


Whenever possible, the steel was applied experi- 
mentally to commercial products and table VIII 
shows the disposition of the heats. Applications 
were generally selected on the basis that cold work- 
ing was an important factor, and that differences in 
properties could be readily determined. Wire and 
conduit seemed to offer the most promising possi- 


- bilities and the majority of the heats were thus 


applied. To provide control data, companion heats 
of regular Bessemer steel were also tested so that 
direct comparisons could be drawn. Coincident with 
this work some difficulties were experienced in the 
application of regular Bessemer steel to tie-plate 
and to a screw-stock application involving cold 
work, and experimental converter steel was used 
successfully. 

The force needed to bend pipe is an important 
factor in the fabrication of such material and pro- 
vides a simple measure of the cold forming proper- 
ties of the steel. Table IX gives the bending force 
under standardized conditions for %-in. diam 
standard pipe made of experimental converter steel, 
regular Bessemer and rephosphorized open-hearth 
steel. Similar tests. were made on 44-in. conduit, 
34- and 1-in. pipe and the grading of the steels was 
comparable. As was expected, the experimental con- 
verter steel was intermediate between the Bessemer 
and the high phosphorus (0.050 pct) open-hearth 
steels. The applications of the experimental con- 
verter steel to other products such as fine wire, tie 
plate and screw stock also gave results indicating 
that this steel occupies a place between that of Bes- 
semer and open-hearth steels in cold working be- 
havior. Further improvement in the product would 


- require a lower phosphorus content. 


Design and Operation of the 22-ton Unit 


Upon completion of the work with the 3-ton con- 
verter, it was decided to build a large mill con- 
verter for full-scale experiments on blowing time, 
lining life, blown metal composition, yields, etc. 
Since this vessel could be operated most conveniently 
in the existing mill stands, certain compromises in 
design had to be made. The spacing of trunnion sup- 
ports in the mill stand dictated the vessel length, 
and the interior cross-section from the tuyeres to 
the opposite side of the new converter was made 
somewhat larger than that of the 3-ton unit so as 
to obtain a design charge of 22-tons. The difference 
in size and contour of the two vessels is indicated 
in fig. 19 while the converter shell is shown in fig. 
20 and 21. 2 i 


Table IX. Test Data on % in. Standard Pipe—Average 


Values 
Y.P. U.T.S. Pet Elong. Bend Test 

Type of Steel Psi Psi in 6 al In.-Lb- 
Experimental 
Converter 48,790 60,823 29.1 2455 
Regular 
Bessemer 50,705 67,310 25.6 2670 
Hi-Phos. (0.050 pct) 
Open-Hearth 42,380 55,140 30.0 2350 


The experimental 22-ton side-blown converter 
was set up in No. 1 converter stand at the J&L 
Aliquippa Works and was operated by the Aliquippa 
Bessemer Department from Dec. 14 to 19, 1946. By 
using different blowing practices and several com- 
positions of iron, a considerable amount of informa- 
tion on the performance of the converter was ob- 
tained. Table X summarizes the operation. 


Nitrogen Content of Blown Metal 


Primary objectives of this development were the 
production of low nitrogen blown metal for duplex- 
ing, and of Bessemer steel with superior cold work- 
ing properties. The nitrogen content ranged from 
0.003 to 0.008 pct with an average content of 0.0049 
pet for the 29 blows. These values are comparable 
with those obtained in the small vessel. 


Converter Capacity 


The converter unit was designed to blow a maxi- 
mum of 22 tons in not over 20 min. In actual opera- 
tion, it produced 22 tons in as short a time as 10% 
min and approximately 34 tons in a minimum time 
of 17 min. There is no evidence that the maximum 
charge of the converter was reached, and larger 
charges probably could have been blown success- 
fully with longer blowing times. 


Control of the Process 


The test showed the major control problems of 
the process to be (1) blown metal temperature, (2) 
slag consistency and (3) carbon content of the blown 
metal. 

Metal temperatures tended to be considerably 
higher with the side-blown converter than with the 
bottom-blown unit. An effort was made to keep 
temperatures normal by the use of steam, scrap 
and ore; scrap charges as high as 21 pct of the hot 
metal charge were used and the temperature was 
still higher than normal. Properly exploited, this 
feature of the converter could be valuable either as 
a low cost means of melting scrap or to obtain direct 
conversion of iron ore to steel. 

Slags were generally quite fluid—caused in part 
by the high operating temperatures—and, under 
conditions of the test, it was not possible to separate 
the slag from the metal. The fluid slag interfered 
with deoxidation, and manganese in the finished 
steel was too low to make it comparable with any 
normal Bessemer composition. It should be noted 
that these results were less satisfactory than were 
obtained in the small vessel. It is recognized that 
this is an important problem and in any future 
trials, control of the slag should be investigated 
along the following lines: (1) use of skimming de- 
vices, or special flush techniques, (2) better tem- 
perature regulation, (3) additions to slag, and (4) 
modification of vessel design. 

- Experience with the original 3-ton side-blown 
converter had indicated that flame appearance and, 
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Table X. Side Blown Bessemer Data Sheet 


Composition 
Blow Ares s Scra Finish Blast 
‘ wt. wt.* in Pressure : 
ae Ye Lb Lb Penne " Method Operation Psi + Cc Mn Si Ne 
Min Sec 0.005 
1 43,000 10 30 Subsurface : OK f 21-29 B on Paes wera 0.008 
2 43,000 9 50 | Subsurface Slight Spitting 23-25 B oe Oe oon 0.003 
3 50,000 4000 13. 55 Surface OK 14-21 Be 0.08 Oe Oe noe te Gee 
4 50,000 5000 40,000 13 0 Subsurface OK 17-20 D y His oot 0.004 
5 50,000 14 10 Subsurface OK 17-21 B 0.06 ae Gos 0004 
‘ 14 47 | Subsurface OK 15-23 Bae OL0Gn HO. i : 
Y ephoo pai i itti B 1.49 0.09 0.13 0.005 
7 50,000 13 8 Subsurface Slight Spitting 17-21 F Hees AES 0.008 
8 50,000 4000 12 0 | Subsurface OWRD 18-22 Bia 12 7 008s eee Ons 
9 54,000 4000 12 35 Subsurface Slight Spitting 18-24 B 1.88 oe pe oaed 
10 56,000 4000 12 a5 Subsurface OK 19-20 B 1.70 Bae : 0008 
11 50,000 5000 41,000 | 14 20] Subsurface Cd ORE 17-20 Di Oe OY ar aoe 
real teae 1) gol cotton |) eemtnn haces aula neat Waa 
52,500 14 5 ombination - ; A 
i4 49,000 4000 10  20| Surface Spitting 11%-16 |B 3.31 0.03 0.07 oe 
15 50,000 12 43 | Surface Severe Spitting| 14-16 |B 3.53 0.14 : 
000 13) 1 urface evere Spittin, - 
7 36000 None 20 Combination | Slight Spitting] 12.5-10.0 |B 0.84 0.03 0.02 Cone 
18 -| 56,000 6000 25 30 | Combination OK 13.0-11.5-8.0 |B 0.05 0.04 Sue Bee 
19 55,500 5500 20 45 | Combination . OK : 16-21 B 0.07 0.01 rei 
20 61,000 7000 54,000+ | 23 10 Combination Slight Spitting 14-20 D 0.14 0.21 ooae 
21 61,000 7000 54,000 23 40 | Combination Slight Spitting 16-21 D 0.11 0.20 tn 
Very > 
22 64,000 7000 54,000 26 2 | Combination Severe Spitting 15-21 D 0.11 0.21 eee 
23 62,000 7000 54,000 23 2 | Combination Slight Spitting 17-22 D 0.12 0.13 0.007 
3500 Butts Slight Spitting 18 0.008 
24 59,000 | +SiOz Bats | 54,300 22 0 | Combination Spitting 19 D 0.07 0.18 0.008 
25 58,000 6000 Ore 53,500 17 0 | Combination Slight Spitting 1712 D 0.08 0.12 0.005 
26 60,000 9000 Butts | 47,000 22 10 | Combination Slight Spitting 20 |D 0.15 1.08 0.005 
27 63,000 11,000 54,000 18 20 | Combination Slight Spitting 20-25 D 0.10 0.20 0.005 
28 67,000 8000 16 50 | Combination Tuyere Section 16-18 B 0.11 0.08 0.08 
29 61,000 +SiO2 Bats 26 Combination Burned Out |} D 0.10 0.74 0.006 


therefore, carbon control would be. considerably 
different from that of the standard Bessemer con- 
verter and this was borne out in the 22-ton experi- 
mental converter. Several blows were made before 
the end-point could be definitely established. Later, 
the blowing technique was improved until the regu- 
lar Bessemer photoelectric control unit could be 
used in end-point determination. As is normal with 
side-blown operation, the carbon finished 0.04 to 
0.05 pet higher than in bottom-blown metal. By 
means of subsurface and combination blowing, the 
carbon content was brought to within a point or two 
of regular Bessemer metal. 


Efficiency of the Process 


Gross metallic yield varied considerably for the 
blows on which accurate data could be obtained, 
ranging from 78 to 92 pct. Part of the fluctuation in 
efficiency was due to changes in the blowing methods 
used. Under some conditions, yields comparable to 
those in bottom-blown converter operation were 
obtained but extensive continuous operation would 
be necessary to develop an optimum blowing prac- 
tice and to determine the ultimate efficiency of the 
process. 

Tuyeres and Lining 


The tuyere design was somewhat different from 
that used in the 3-ton side-blown vessel and, as it 
turned out, was not nearly as satisfactory. The main 
fault was leakage past the head of the tuyeres and, 
though a false tuyere plate was used to bleed away 
the leaking air, some air seeped into the lining over 
the tuyeres. The air loosened the lining and pro- 
duced deep holes directly above the tuyeres causing 


early failure of this section of the lining. To keep 


the vessel in operation, frequent patching was neces- 
sary and finally the lining opened up so that, in the 
29th blow, molten metal reached the false tuyere 
plate. Since it had already been decided that most 
of the information that could be developed by this 
test had been obtained, no further attempt was 
made to patch the vessel and it was removed from 


the stand. A new tuyere arrangement has now been 
designed to eliminate the possibility of high pres- 
sure air entering the lining. 

As in the regular Bessemer converter, mica schist 
and ganister mud were the lining materials. Exclud- 
ing the sections above the tuyeres and at the nose, 
the lining at the completion of the test still approxi- 
mated rather closely the original thickness. The 
nose wear was more severe and in some sections 
of the nose as much as 6 in. of the lining was lost. 
Whether this was due to the high operating tem- 
peratures or is to be expected in normal operation 
can be answered only by further work. 


Evaluation of the Experimental Work 


In comparing the performance of the two con- 
verters, it will be noted that in several particulars 
the 22-ton converter bore out the findings of the 
3-ton unit while in a few cases the characteristics 
of the large converter were not as satisfactory as 
those of the small vessel. 


Blown Metal: The blown metal made by the two 
converters under similar practices was. comparable 
in composition. Surface blown heats gave higher 
carbon contents while subsurface and combination 
blowing produced steel with carbons approaching 
those of the bottom-blown process. What effect the 
higher carbon might have on the application of the 
steel to products is unanswered at present but no 
ill effects were apparent in the use of the experi- 
mental steel in furnace welded pipe, a product for 
which low carbon steel is specified. Of course, for 
duplexing operations, the carbon in the blown metal 


would be advantageous. 


The nitrogen content of the steel from both con- 
verters was low and, in a considerable proportion 
of the heats, compared favorably with that of scrap- 
practice open-hearth steel. In this respect each con- 
verter fulfilled the expectations of the investigation. 


Process Efficiency: Both converters were capable 


of producing very high temperature blown metal 
and this would appear to constitute a primary ad- 
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Fig. 20 (above)—View of 22-ton side-blown con- 
verter showing wind-box and row of tuyere open- 
ings at the right. 


Fig. 21 (right)—View from front of 22-ton side- 
blown converter. 


vantage of the process since the extra heat could be 
used either to melt additional cold scrap or, using 
lump ore as a substitute, produce metal by direct 
reduction. 

Metal yield of the converters varied rather widely 
but in each case the best yields compared favorably 
with bottom-blown practice. The principal losses 
were due to spitting during the blow and to the 
higher iron oxide content of the slag. Experience 
thus far indicates that under the best operating con- 
ditions the iron oxide content of the slag likely will 
be higher than in bottom-blown operation. Some 
advantage may be gained however by the lack of 
spitting loss during the turn-up and turn-down of 
the side-blown converter. 

With the fluid slags obtained by side-blowing, the 
life of the lining will undoubtedly be less than in 
a Bessemer converter. This, however, may be more 
than offset by the longer tuyere life to be expected 
from the side-blown vessel. It is unfortunate that 
this fact could not be demonstrated in the second 
test due to the trouble with air leakage mentioned 
-above. The tuyeres in the 3-ton experimental vessel 
wore back at the same rate as the lining itself when 
no air leaks through the lining were present. Thus, 
it appears that a replaceable tuyere section, com- 
_parable with the short-lived bottom in a regular 
Bessemer converter, may not be required; the 
tuyeres would be replaced only when the vessel is 
relined. 

The capacity of the 22-ton converter was not ob- 
tained solely by lengthening the cylindrical section 
of the 3-ton converter; the vertical cross-section 
was increased somewhat and the metal bath deep- 
ened so that greater air flow per unit area of bath 
surface was necessary to maintain comparable blow- 
ing times. The increased air rate could be obtained 
only by higher air velocity with an attendant step- 
up of losses by entrainment of material in the air 
stream. 


Another result of the larger cross-section was an 
increase in the distance from the tuyere opening to 
the opposite side of the metal bath. Experience with 
foundry converters has shown that when this dis- 
tance becomes too large the slags have a tendency 
to increase in iron oxide content and be thin or 
watery. By keeping this dimension small, the slag 
and metal are maintained in violent agitation by 
the air so that the iron oxide content of the slag and 
metal are held close to equilibrium by the reducing 
action of the carbon in the metal bath. When the 
dimension from the tuyere to the opposite side of 
the bath becomes large, the slag is blown to the far 
side where, with the air velocity much lower, a 
relatively thick layer builds up and is no longer 
mixed with the metal. Since the slags of the 22-ton 
converter were thinner than those of the 3-ton con- 
verter, consideration should be given to a study of 
cross-section dimensions in any further work on the 
process. 

At the close of the war it was discovered that the 
Germans at the Mannesmann Works had been ex- 
perimenting with a basic lined side-blown converter 
of commercial size.” This was a regular 30-ton 
bottom-blown converter with a blank bottom and 
a tuyere block consisting of seven rows of holes 
fitted into the side. Apparently this converter pro- 
duced steel having a low nitrogen content and im- 
proved cold working properties. Unfortunately, little 
operating information is available on the converter 
so that full advantage-cannot be taken of this work 
in furthering the design of a commercial unit. 

First consideration was given to the adaptation 
of the Peirce-Smith copper converter to this steel- 
making process. The converter is somewhat similar 
in appearance to the present experimental unit and 
is made in various capacities up to and exceeding 
100 tons. As it has been in use for many years in 
the copper industry, its design is well standardized 
and it is relatively inexpensive. Its 13-ft diam cross- 
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section is intermediate between that of the two 
experimental units so that modification would be 
held to a minimum. 

Several other designs have been suggested. In- 
herent in these has been the concept of a long hori- 
zontal cylinder with the tuyere constants, the depth 
of bath and the sweep of air across the bath estab- 
lished for optimum vessel operation. The length of 
such a cylindrical vessel could be adjusted for wide 
ranges of capacity and blowing time without affect- 
ing these critical factors. 


Conclusions 


The experimental work thus far has permitted a 
fairly comprehensive evaluation of the metallurgical 
advantages of the side-blow converter. Some of the 
operating characteristics of the converter have been 
determined; there remains to be solved a number 
of complex operating problems before the method 
can be considered a commercial success. The specific 
information developed in the course of the work 
with the two experimental vessels is outlined below: 

1. Low nitrogen steel is produced within wide 
limits of operation of the side-blown converter. 

2. Carbon content is higher than with the bottom- 
blown converter by 0.01 to 0.05 pct; this is definitely 
a function of the method of blowing. 

3. High temperatures are attainable, the highest 
temperature being associated with surface blowing. 

4. Since the thermal efficiency is high, larger 
amounts of scrap or ore may be used in the charge. 

5. There appears to be no inherent limitation on 
size of charge, weights of iron from 3 to 30 tons 
having been blown successfully. 

6. There is no major change in operation of a 
given side-blown vessel with fairly wide changes in 
size of charge; the small converter designed for 3 
tons handled over 11 tons of iron successfully. 

7. Slags were generally higher in iron oxides and 
consequently less viscous, but considerable control 
was obtained by variations in blowing practice. 

8. Blowing losses varied widely for different 
operating conditions during the tests. At the best, 
these losses were comparable with standard bottom- 
blowing practice. 

9. Lining wear was more rapid with side-blown 
operation than in bottom-blown practice due prima- 
rily, it is believed, to higher operating temperatures 
and thinner slags. 

10. Premature failure of tivietes and adjacent 
lining in the large vessel seems to have been the 


result of the specific tuyere design since similar 
difficulties were not encountered with the small 
vessel. 

11. Much of the steel from the small converter 
was of commercial quality; there was no difficulty 
experienced in making butt-weld pipe, wire, tie- 
plate, and screw stock. 

12. The cold working and aging properties of this 
steel were typical of a low nitrogen, high phos- 
phorus steel. It was superior to regular Bessemer 
steel on cold forming applications. 


Cooperative Work on Basic Converter: Converter 
steel is made commercially in both basic and acid 
lined vessels. The investigations described in this 
paper dealt with acid linings in a small experi- 
mental and a large plant-size side-blown converter. 
Independently, Carnegie-Illinois had carried out 
work on basic linings for converters of this type. On 
completion of the work with the acid lining in the 
22-ton converter at Aliquippa, the project was made 
a cooperative one and the converter was lined with 
basic refractories and a series of heats made at the 
Carnegie-Illinois South Chicago Works. The studies 
with basic linings are described in a concurrent 
paper. 
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Preferred Orientation as a Factor in 


by W. D. Robertson 


Ls TERGRANULAR corrosion of metals and alloys 
has been extensively investigated and the cur- 
rent conclusions are summarized in the Symposium 
on Stress-Corrosion Cracking of Metals.’ It appears, 
however, that the relative importance of the various 
factors involved in the mechanism is still obscure. 


Intergranular Corrosion 


Several recent, independent studies, in combina- 
tion with available X ray data on preferred ori- 
entation, indicate that there may be a direct correla- 
tion between relative orientation of contiguous 
grains and susceptibility to intergranular corrosion. 
The object of the present note is to show the nature 
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Fig. 1—Breaking time of recrystallized copper alloys 


in ammonia atmosphere at 10,000 psi stress (reproduced from Thompson 
and Tracy) compared with the alloy concentration producing a random 
recrystallization texture (arrows). 


of the correlation and thereby to demonstrate that 
a few critical experiments are indicated by means 
of which the role of structure can be further clari- 
fied and quantitatively established. : 

Lacombe and Beaujard’? have shown that the 
boundary of a single grain embedded in another 
grain of different orientation is attacked more or 
less-rapidly depending on the relative orientation 
of the two adjacent crystals. An exactly similar 
effect is demonstrated by Dunn and Lionetti® with 
three-grain specimens of silicon ferrite of prede- 
termined orientation having the (110) plane in the 
surface of the aggregate. The boundary associated 
with the largest difference in orientation (15°) was 
more attacked by the etching reagent than either 
of the other two boundaries where orientation dif- 
ferences were respectively 7 and 8 degrees. 

Copper is ideal for the study of orientation de- 
pendent attack because it can be produced either in 
a random or a highly oriented state depending on 
the conditions of working and recrystallization. In 
addition, certain critical concentrations of alloying 
elements inhibit the formation of the oriented tex- 
ture in straight rolled and recrystallized binary al- 
loys. Comparison of the alloy concentration at 
which random orientation is produced with the 


“concentration at which the alloys become susceptible 


to stress corrosion cracking indicates that the two 


effects are related. 


Fig. 1 is a reproduction of curves from the work 
of Thompson and Tracy* showing time to failure in 
ammonia vapor at constant applied load for seven 


binary copper alloys; the limits, as far as they are 


known from X ray studies,’® at which the texture 
of pure recrystallized copper changes to a more or 
less random orientation are indicated by the arrows. 

Considering the heterogeneous character of the 
data and the range of values, correlation appears ex- 
cellent, particularly in the case of zinc, phosphorus 
and aluminum; in the remaining cases data are 
lacking for concentrations below those indicated by 
the arrows but it is certain that the oriented texture 
is suppressed at lower alloy contents. Iron-nickel 
alloys may also be produced in cube-texture form 
and the results of Snoek,’ previously noted by La- 
combe and Beaujard, show that the oriented struc- 
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ture is immune to grain boundary oxidation at high 
temperatures, whereas the randomly oriented alloy 
is subject to intense intergranular attack. 

‘ It seems probable that as angular deviation be- 
tween the lattices of adjacent grains increases, the 
chemical activity of the grain boundary zone will 
also increase, resulting in grain boundary attack. 
When stress is applied to a polycrystalline aggregate 
the elastic anisotropy of individual crystals could 
set up stresses at the boundaries, depending on the 
orientation. It is necessary, therefore, to determine 
the relative importance of the inherent chemical 
activity of the grain boundary, depending on ori- 
entation, and the effect of stress concentration at 
grain boundaries operating through elastic aniso- 
tropy to produce the acceleration of corrosion asso- 
ciated with stress-corrosion cracking. The effect of 
various alloying elements may be related either with 
the chemical or structural properties of the bound- 
ary, possibly both. 

In view of the preceding correlation, a study of 
the chemical and mechanical properties of the grain 
boundary as a function of the orientation of ad- 
jacent grains appears to offer the best possibility 
of determining the mechanism that accounts for 
the various known phenomena. 
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Modern Baghouse Practice 


for the Recovery of 


Metallurgical Fumes 


by A. L. Labbe and J. J. Donoso 


Hard-won experience in the operation of smelting plants has pointed the way 
to the most efficient design and economical operation of a baghouse system for 
recovery of metallurgical fumes. This paper treats of the principles governing bag 
filtration and the factors most directly affecting bag life. Methods for temperature 
conditioning of smoke previous to filtering are described and the evolution of bag 

shaking mechanisms is brought up to date. 


HE history of the bag filter process, as applied to 

the recovery of metallurgical fumes, goes back 
to 1876, when the Lone Elms Works of Joplin, Mis- 
souri, erected.a two-section baghouse for filtering 
fumes from Scotch Hearth lead smelting furnaces. 
By modern standards this installation was crude, 
but the basic operating principles remain essentially 
the same today. Great progress, however, has been 
made in the mechanization of the process by the use 
of devices for mechanically and automatically clean- 
ing bags of adhering fumes, in the use of instru- 
ments for recording and controlling the variables 
affecting baghouse operation, and in the condition- 
ing of the smoke previous to filtering. 

The principles governing bag filtration of fumes 
were investigated in 1929 by A. J. Seitz of American 
Smelting and Refining Co., and he arrived at the 
following conclusions: 


1. Pressure on Bags at Constant Volume: The 
rate at which the pressure builds up in a bag with 
constant volume is directly proportional to the time, 
with the same kind of smoke and dust burden (fig. 
ib) 

2. Pressure on Bags for Change in Volume: With 
equivalent smoke and dust burden, the bag pressure 
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increases with the square of the increase in volume. 
The rapid increase in pressure is due to (1) increase 
in volume, (2) increase in amount of dust on the 
bag, and (3) more intense packing of the dust at 
higher velocity (fig. 2). 

3. Effect of Intensive Filtering on Pressure: Since 
the pressure builds up directly as the square of the 
volume, with the same smoke and dust burden, it is 
necessary to shake the bags in that increased ratio, 
and vigorously, to keep the pores of the bag open 
and pressure down. This increases the wear on the 
bags and the dust losses. 


4. Effect of Shaking on Dust Losses: The losses 
are in direct proportion to the frequency of shaking 
because the loss takes place immediately after shak- 
ing, before the bag seals itself. Tests show that with 
hand shaking the last 20 pct of the removable dust 
requires seven times more shaking per unit weight 
of dust than the first 80 pct. 


5. Effect of Fineness of Dust on Losses: The fine- 
ness of the dust particle increases the loss in two 
ways: (1) When the bag is clean a greater percent- 
age of it will pass through before the bag seals 
itself; (2) fine material penetrates farther into the 
bag pores, building up pressure faster and neces- 
sitating more shaking, thereby increasing the loss. 

The physical principle of operation of the bag 
filter is simply the separation of solids from a gaseous 
carrier through a porous medium, and is analogous 
to the filtration of solids from liquid carriers. Bas- 
ically, the mechanics of the process are as follows: 
Fume-laden gases drawn from the operating fur- 
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capacity of plain woolen 


bag. 


nace units by a centrifugal fan, or fans, are blown 
into the lower chambers of a compartmented bag- 
house. A sheet steel or concrete floor divides the 


“lower chambers, or cellars, from the upper or bag 


chambers. Imbedded in the floor are a number of 
open steel thimbles, usually 18 in. diam and 6 in. 
high, arranged in a symmetrical pattern. Open 
bottom ends of tubular cloth bags 30 ft high by 
18 in. diam (standard in all A. S. & R. Co. installa- 
tions for filtration of furnace fumes) are fastened 
to the outside of the thimbles by wires, straps, or 


springs and the top end of the bags gathered and 


tied to steel bells. These bells are suspended by a 
hook or chain from the horizontal overhead shaker 
pipes. Waste gases, blown by the fan, ascend into 


the vertical bags where they are filtered, the dis-~ 


lodged accumulated dust falling to the cellars on 
shaking and the cleaned gas passing out to the stack. 
For interrupting gas flow into the chambers while 
shaking, pneumatically operated dampers are usually 


-employed. 


Bag replacement cost is the most important eco- 
nomic factor of baghouse operation, and most efforts 
toward improving the process have been directed 
toward increasing bag life. In order of importance, 


the factors directly involved in length of bag life are 
(1) temperature of filtered gas, (2) chemical com- 
position of dust and gas, (3) frequency of shaking, 
and (4) bag pressure. 

Experience in the operation of our smelter bag- 
houses has shown that with all other factors equal, 
woolen bags filtering alkaline, nonsulphurous smoke 
at a temperature of 150°F, or below, will last almost 
indefinitely, at temperatures of 200°F, 4 yr, and at 
225°F and above, 2 yr. Carbonization of the wool 
fiber is responsible for rapid deterioration of wool 
above 150°F. A typical specimen of a bag operated 
at 200°F will show a brown discoloration and dry 
and brittle fibers. Under these conditions, the flexing 
movement of the bag around the thimble during the 
shaking period subjects the fabric to rapid wear. 

The chemical composition of the dust and gas 
directly influences the life of bag fabric, favorably 
in the case of alkaline smokes and adversely with 
acid smokes. Some metallurgical operations, such as 
lead sulphide sintering, directly evolve SO, vapors, 
possibly through catalytic conversion of SO.; others, 
SO., chlorides, and selenious vapors. All these acid- 
forming components of the gas materially attack 
wool fabric by absorption, particularly in the pres- 
ence of water vapor. 
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Fig. 3—Woolen fume bags in lead sinter smoke. 


Tensile strength and pct acid vs. age in months. 


The rate of acid absorption by bag fabric and its 
effect on tensile strength are shown in attached 
graph (fig. 3), worked up for a company unit hand- 
ling lead sinter smoke. Acid absorption by the wool 
fabric appears to be a straight line function of age 
up to what may be called the saturation point, but 
increases more slowly to the ultimate useful life of 
the bag. Tensile strength decreases in relation to age 
and acid absorption and becomes practically a 
straight line near the acid saturation point, when 
there appears to be no further attack on the already 
carbonized fibers. A measure of fabric tensile 
strength alone, however, may give a deceiving pic- 
ture of the bag’s further usefulness, since a fabric 
showing appreciable vertical resistance to rupture 
may disintegrate under the flexing motion induced 
by the shaking mechanism. 

Bags are worn mechanically by abrasion of fume 
sliding down their inner surface during shaking. 
The effect is cumulative in a downward direction, 
and the greatest damage is found a foot or two 
above the thimbles, where the bag fabric is frayed 
thin and shows greatly enlarged pores. In this 
region, too, the effect of rubbing against the thim- 
bles while shaking is most harmful. For these 
reasons, most bag repair work is done close to the 
thimbles. 

To minimize the damage to bags by mechanical 
wear and reduce the dust loss caused by frequent 
shaking, the capacity of a baghouse is designed to 
allow the lowest possible filtering rate per bag con- 
sistent with an economic balance between installa- 
tion cost and bag replacement cost. No rigid figures 
can be given as to the optimum filtering rate, as 
they will vary with the dust burden, character, and 
value of the smoke to be recovered. In our diversi- 
fied operations we handle dust burdens ranging 
from 2.5 to 56 lb per 100,000 cf of gas, filtering rates 
from 50 to 300 cfm per standard bag, and dust vary- 
ing in density from 15 to 35 lb per cf. 

Temperature conditioning of smoke for bag filtra- 
tion is accomplished by (1) radiation cooling from 
steel surfaces; (2) cooling by water evaporation; 
and (3) cooling by admission of atmospheric air. 


Rarely is one procedure used exclusively, usually a 
combination of the three is employed. 

In most cases, depending on the type of smoke 
treated, radiation cooling from steel surfaces is not 
economically effective below temperatures of 450°F, 
since heat radiation is proportional to the fourth 
power of absolute temperature difference between 
inside and outside surfaces of the steel. (Stefan- 
Boltzman law.) In practice, not only the entering 
and leaving temperatures across the cooling steel 
tubes must be considered, but also the burden and 
tenacity of the fume, for allowance must be made 
for the periodic rapping of the tubes to dislodge the 
insulating layer of fume deposited on the inner sur- 
face. Under these circumstances the design of a 
cooling tube installation is largely empirical. 

Of the three methods of gas cooling, and within 
the economical temperature range, radiation cool- 
ing of metallurgical smokes by means of inverted, 
steel U-tubes is to date the most effective, as it 
introduces no additional volume in the form of 
water vapor or air to be handled at the baghouse, 
and, most important, it serves as a permanent buffer 
to absorb extreme temperature peaks. 

A typical example of effective U-tube cooler de- 
sign is that incorporated into the units used in con- 
junction with the new El Paso slag treatment 


Fig. 4—U-tube cooler. El Paso slag treatment plant. 
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plant (fig. 4). The tube coolers in this plant consist 
of two banks in series, each bank containing 20-30 
in. x 58 ft U-tubes in parallel-series arrangement. 
120,000 cfm of gas enter the first set of tubes at 
456°F and leave at 350°F. Entering the second set 
the temperature is 325°F, some heat having been 
lost through air infiltration and radiation in the 
connecting steel flue. Leaving the coolers at 260°F, 
the temperature is dropped to 225°F entering the 
baghouse by the admission of air through an auto- 
matically controlled damper (fig. 5). 

The nature of the zinc oxide fume recovered in 
this baghouse is such as to preclude the use of cool- 
ing by water evaporation, thus the coolers are oper- 
ated through a temperature range somewhat lower 
than advocated for economical cooling of other 
smokes amenable to cooling with water sprays. 

Gas cooling by water evaporation is relatively 
simple, but potentially dangerous when applied to 

_sulphurous smoke. When cooling smoke of this type 
by water evaporation, we find that a large number 
of water sprays with low deliveries at 300 psi pres- 
sure, or higher, automatically controlled in banks 
of diminishing number of sprays, is the safest and 
most efficient arrangement. With relation to the 
baghouse, the sprays are placed immediately fol- 
_ lowing the radiation coolers, or at the farthest prac- 
tical distance to minimize the mechanical carry-over 
of unevaporated water. 

The limitations for water-cooling of gas in our 
baghouse systems are rigid and governed by the 
resultant dew point of gas entering the baghouse. 
Generally, the pounds of water vapor per pound of 
dry gas are calculated so as not to exceed a dew 
point of 85° to 95°F in the bag chambers. 

For final cooling of gas we invariably use atmos- 
pheric air in amounts controlled by an automatic 
damper to maintain the desired bag temperature. 
Although it requires additional bag capacity to 
handle the increased volume of air, advantages are 
that the dew point and dust burden of the smoke 
are lowered. f 

Perhaps no greater progress in the bag filtration 
process has been made than in the mechanics of 
periodically cleaning bags of accumulated dust. 

’ Originally this was accomplished by “airing,” that 
is, allowing the bags to tremble in the current of 
air created by opening the thimble floor doors and 
the stack dampers, after shutting off gas flow into 
the chamber. 

Later, came hand shaking of bags. With gas flow 
‘shut off, and allowing a few minutes for airing, an 
operator entered the bag chamber, with or without 

_-a gas mask, and gave each bag a vigorous shake. 
The efficiency of this onerous operation depended 
too much on the man’s strength and willingness and 
on the supervision. 
- The next step in the evolution of bag cleaning 
was the mano-mechanical shaker. Each shaker pipe 
on which the bags hang was brought through the 
wall to the outside of the baghouse and, by means 
of a pivoted lever arrangement, an operator gave 
each row of bags in a chamber a good shaking by 
pulling back and forth on the lever. 

From this point on, progress in the complete 
mechanization of the bag shaking process was rapid. 
It was a single step then to tie all shaker pipes in 
one chamber to a central shaft outside the baghouse 
wall and by means of a motor and cam arrangement 
impart either a vertical drop or a horizontal recipro- 
cating motion to the bags (fig. 6). 


Fig. 5—Automatically controlled damper. 


The last step in the modernization of bag shaking 
was to make the entire process completely auto- 
matic. A shaking cycle consists of (1) shutting off 
gas flow into a chamber, (2) allowing a few seconds 
for bags to deflate, (3) shutting off damper to stack, 
(4) shaking of bags, (5) allowing a few seconds for 
dust to settle in bag chamber, (6) opening damper 
to stack, and, (7) opening gas inlet to dust chamber. 
The various steps in the cycle can be automatically 
initiated in the correct sequence by an electrical 
contactor consisting of notched cams which actuate 
solenoid switches to open and close pneumatically 
operated dampers and to start and stop the shaker 
motor (fig. 7). 

There are four ways in which the electrical con- 
trol apparatus may be set in motion: (1) by an 
electric cycle timer set to shake bags at predeter- 
mined intervals of time, (2) by a differential pres- 
sure contact. switch which operates the electrical 
cam contactor until enough chambers are shaken to 
reduce the differential pressure across the bags to 
the predetermined desired value, (3) by a positive 
pressure contact switch, and (4) by a negative pres- 
sure contact switch. Generally, method (1) for 
actuating the electrical contactor is applicable only 
to conditions of uniform gas volume and dust 
burden; the use of methods (2), (3) and (4) is a 
matter of personal choice, for each one accomplishes 
the end of maintaining the necessary draft to clear 
the operating furnace units. 

The subsequent treatment and physical character 
determine the method of removal of dust from the 
baghouse. Those dusts such as zinc, cadmium, and 
antimony oxides, which may be considered end- 
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Fig. 6—El Paso slag treatment plant baghouse. 


products, and are shipped out of the plant without 
further treatment, are most economically removed 
by screw conveyors from steel hoppers under the 
bag chambers. Pneumatic conveying of this type of 
dust is sometimes employed, but its use is very 
limited in our company operations. 

Dusts which undergo further metallurgical treat- 
ment in the plant, as lead sinter and blast furnace 
baghouse dusts, must first be burned and clinkered 
in the baghouse cellars before removing. Clinkering 
reduces dusting while loading and facilitates sub- 
sequent treatment in the smelting units. The densi- 
fied dust is best removed by mechanical shovels, 
which method is fast becoming standard in our bag- 
house operations. 

A well organized baghouse operation depends to 
a large extent on records provided by continuously 
operating recording and controlling instruments; 


Fig. 7—Electrical contactor. 


the use of these devices provides not only a running 
record of present conditions, but creates a valuable 
background for future research and design data. 

The minimum instrumentation required for opera- 
tion of a baghouse unit is: (1) bag pressure recorder, 
which not only shows pressure, but also bag shak- 
ing frequency; (2) flue draft recorder, which also 
shows bag shaking frequency, and (3) bag tempera- 
ture recorder. 

Aside from the variables recorded by instruments, 
other factors affecting baghouse operation are de- 
termined by chemical or physical analysis. These 
involve the frequent determination of burning rate 
of dust subject to spontaneous combustion, which 
must be slowed down by the use of inert materials 
whenever the tests indicate a dangerously fast burn- 
ing rate. 

In baghouse units handling nonalkaline smokes, 
daily samples of dust are taken for chemical analysis 
of relative alkalinity, and the results are used as a 
guide for the amount of neutralizing agents fed into 
the smoke stream. 

Monthly samples of bags in service are analyzed 
for acid contents of fabric and tested on standard 
machines for tensile strength. 

In addition to all the precautions in design and 
operation of a bag filter system, we have developed 
within our company an automatic apparatus for the 
continuous determination of dust loss out of bag- 
house and Cottrell units. The use of this equipment 
has been an incentive for baghouse men to main- 
tain their operations at the highest possible efficiency. 

When correctly designed and conscientiously 
operated, the bag filter process has proved a highly 
efficient tool in the recovery of metallurgical smokes. 


Correction 


In Jan. 1950 issue: TP 2739 D. Fundamental and Practical Factors in Ammonia Leaching of 
Nickel and Cobalt Ores by M. H. Caron, p. 78. Following table XI, text should read “will crystallize 
out as an ammonium compound (NH,), CO,-MgCO,-:4aq. This compound decomposes in boiling 
water, being converted in 4MgO-3CO,-4aq. (Magnesia Alba), NH, being released.” 

Fig. 3, 4, 5 of this paper should appear in TP 2740 D. Separation of Nickel and Cobalt and fig, 
5 of the latter paper should appear in the paper on ammonia leaching. 

TP 2740 D. Separation of Nickel and Cobalt. In fig. 1, under 15 and 17, CO should be Co. 
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Factors Affecting Deformation and 


Rupture of Metals at Elevated Temperatures 


Howe Memorial Lecture 


by Francis B. Foley 


Te is with an unusual degree of personal satisfac- 
tion that I find myself in a position to pay tribute 
to the memory of Henry Marion Howe. One could 
not have spent any length of time in the presence 
of Dr. Howe without profiting intellectually. I do 


~ not hesitate to say that my years of association with 


him were the most stimulating of all my years of 
metallurgical study. He always impressed one with 
his own eager search for knowledge. Never depend- 
ent on the written word alone he sought information 
from-anyone whose opinion he valued. His ability 
to piece together bits of apparently conflicting data 
from various sources so as to build up a logical 
hypothesis was unique. A small slight man with the 
intellect of genius he would have gone to the top 
in any endeavor he undertook and it was fortunate 
for metallurgy that its study attracted him as it did. 


Howe was a modest man. I like to recall an incident 


which left a lasting impression with me. The lab- 


FRANCIS B. FOLEY, Member AIME, is Consulting 
Metallurgist, Research Department, International 
Nickel Co., Bayonne, N. J. 

AIME New York Meeting, Feb. 1950. 

TP 2866 CE. Manuscript received March 15, 1950. 


oratory in his home, “Green Peace,’ was in the 
basement and access was by way of stairs leading 
down from his secretary’s room. In using these 
stairs my attention was attracted many times to an 


ordinary cardboard shoe box which reposed on the 
' shelf above the landing. It was crudely labeled on 
its side in black ink ‘‘Vanity Box.” My curiosity was 
“aroused to the point that I finally asked his secre- 


tary what it was. With some amusement she took 
the box from its shelf on the stairway, opened it 


_ and showed me its contents—numerous letters, from 


the foremost men of science of every civilized coun- 
try throughout the world, commending his ‘“Metal- 
lography of Steel and Cast Iron.” I recall that in 
reply to one who thought there was not enough of 
Howe’s own researches in his book he wrote, “Pri- 
marily I am a writer, secondarily an investigator.” 

Howe wrote to make his readers think. No one 
ever strove harder than he to be right but above 
all, whether his viewpoint proved ultimately to be 
right or wrong, he was always content if by his 
stand, he provoked a reader to take the next step 
along the path to greater knowledge. I doubt that 


he was ever afraid to be wrong for he was always 
secure in the thought that his effort was guided by a 
sincere search for the truth. One continually search- 
ing for truth is entitled to occasional excursions up 
the wrong alley. A glance backward to the metal- 
lurgical confusion of some thirty to forty years ago, 
or need one go back so far, provides convincing 
proof of what a host of companions one may have 
in a common acceptance of ideas which the future 
will prove to be wholly untenable. 

Well over a hundred years have passed since in- 
vestigators have interested themselves in the effect 
of increasing the temperature of iron and steel on 
their mechanical properties. We are told by Charles 
Walrand’ in “Industrial Annals” for June 11, 1822, 
that bend tests, conducted in a Russian steel works 
of Prince Demidoff, on steel bars “highly heated”’ 
and bent during cooling became brittle when bent 
at an iris blue color. He concluded, “That when steel 
is heated to a temperature between 473°F and 662°F 
the mettle was more brittle between these limits 
than at a much lower or at a much higher tempera- 
ture.” It was a curious bit of information recognized 
as true to this day and still not explained satisfac- 
torily. In 1878 Charles Houston in Annales de Mines 
associated this brittleness with an increase in tensile 
strength at 572°F. 

When this relatively low temperature is exceeded 
it is recognized that steel becomes weaker as tem- 
perature is increased up to the melting point, where 
no strength of practical importance remains. It is 
easy to believe, in fact it goes without saying, that 
this weakening as the temperature of a metal is 
increased is the result of the motion of the atoms 
making up the metal, a motion which itself is evi- 
dence of the temperature increase. However, if we 
are considering iron or steel we find that this de- 
crease in strength is not a steady one, for, besides 
the increase in strength just referred to, one comes 
to a temperature, the critical temperature, where 
results of tests indicate the metal ta be extremely 
weak and then as temperature increases to become 
sensibly stronger again. This apparent anomaly was 
made the subject of the first Howe Memorial Lec- 
ture, delivered by Albert Sauveur in 1924. It may 
be of interest to review these findings of Sauveur. 
He used two methods of investigation. One involved 
the twisting of bars. The bars were heated in an 
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(Sauveur.) 


electric furnace to a maximum temperature at mid- 
length and with one end held fast the other end was 
turned by means of a crank, twisting the bar. By 
twisting electrolytic iron at some ten to fifteen 
temperatures between 600°C (1112°F) and 1200°C 
(2192°F) Sauveur showed this region of easy twist- 
ing to occur consistently at the transformation tem- 
perature from alpha to gamma on heating and from 
gamma to alpha during cooling (fig. 1). This type 
of test has been reproduced many times since by 
other investigators with the same characteristic re- 
sult. Fig. 2 shows the result of twisting a bar of 
Silcrome valve stem steel of 3.5 pct silicon, 8.5 pct 
chromium. At two points along the length of the 
bar, where the temperature attained, 1600°F, was 
that at which the steel transformed from alpha to 
gamma iron, the twists are very close together in- 
dicating a low order of resistance to torsion. 

Sauveur’s other test consisted of heating test bars 
to 1100°C and pulling them in tension during cool- 
ing to determine the tensile strength developed at 
each temperature at which they were broken. His 
results appear in fig. 3. Note here the extraordinary 
dip towards very low values when the bars were 
broken while the maximum temperature corres- 
ponded to the Ar, transformation from gamma to 
alpha. 

Sauveur considered two possible explanations of 
this phenomenon. One was that, at its highest tem- 


perature of stability, alpha iron was weaker than 
gamma at its lowest temperature, and the other, 
that the weak condition results from the transforma- 
tion itself. His inclination was to accept the latter 
explanation with which one finds little difficulty In 
agreeing for, to the kinetic energy normally asso- 
ciated with the temperature of testing is added the 
atomic movement incident to the assumption of new 
relative positions of the atoms bent on assuming a 
new crystalline orientation. 

Phase change, such as that observed in iron and 
steel, is only one source of added atomic movement 
conducive to a decrease in resistance to applied 
mechanical stress. Grain growth accompanying the 
heating of metals is a source of another such atomic 
activity. It is a generally recognized fact that the 
path of rupture, at high temperature, is through the 
grain boundaries of metals and that, at low tem- 
peratures, rupture takes place as a rule, through 
the body of crystals. Nearly forty years ago Beilby 
proposed the vitreous amorphous cement hypothesis 
to account for this characteristic behavior of metals 
and his ideas gained a considerable amount of en- 
dorsement. Briefly stated, the idea, as it applies to 
grain boundaries, was that crystals were joined to- 
gether by atoms in a random orientation constitut- 
ing an amorphous condition in which the properties 
of the grain boundaries partook of those of an under- 
cooled liquid, lacking crystallinity. Like glass it was 
weak and mobile when hot but strong and rigid 
when cold. The precise condition of grain boundary 
metal is still not known but considerable is known 
about its behavior. 

When metals in certain conditions are heated 
their crystals grow. Offhand it would be difficult to 
say why crystals grow but one may assume that 
were the energy levels throughout the mass, par- 
ticularly at grain boundaries, such as to permit 
equilibrium, or the maintenance of the status quo, 
there would be no grain growth. The fact that grains 
grow is evidence that such conditions do not pre- 
vail. 

It can be shown, in fact it has been experimentally 
demonstrated, that grain growth occurs by the rob- 


_bing of one crystal, atom by atom, by its neighbor. 


It is commonly held that the large crystals in a 
structure of mixed sizes of crystals, are the robbers 
and the small crystals the victims. There are some 
however who will contend that the little ones are 
the aggressors, growing at the expense of the bigger 
ones. One might argue that were the big ones to 
consume the little ones, the ultimate grain size would 
always be larger than the largest initial grain. On 
the other hand, with the smaller grains eating away ' 
at the big ones, an intermediate size is likely to be 
attained after which further increase in size is likely 


Fig. 2—Twist test 
of an 8.5 pet Cr, 
3.5 pet Si steel. 
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to be a slow process. The question arises as to what 
governs the movement of grain boundary atoms, 
the atoms themselves or the family of atoms as a 


_whole making up the individual crystals. Are the 


grain boundary atoms rugged individuals determin- 
ing, as units of the crystal, whether to stay with 
their present orientation or to swing into that of the 
neighboring atom; or are they controlled by the 
combined crystallizing force of the crystal as a whole, 
which holds them in their proper place while the 
neighboring crystal exerts a force tending to pull 
them into its family? One is inclined to this latter 
view for, were all the crystals of exactly the same 
size, each composed of exactly the same number of 
atoms it is likely that no grain growth would occur. 
A difference in size, however small, is indicated as 
a prerequisite of grain growth and such a differ- 
ence is inevitably present. It is easy, if one accepts 
this view, to accept the idea that the large crystals 
grow at the expense of the smaller ones, with rapid 
change occurring when crystals differ greatly in size 
and slow change proceeding as grain size becomes 
uniform. As temperature increases smaller differ- 
ences in grain size give rise to more rapid grain 
growth activity because the increased kinetic activity 
renders coercion by small differences in crystalliz- 
ing energy easier. 

In any event one visualizes the region of grain 


_ boundaries as one in which adjoining crystals con- 


tend for boundary atoms. The grain boundary is 


* thus in motion in heated metal undergoing grain 


growth, sometimes moving rapidly, sometimes im- 
perceptibly. At any instant of time one conceives a 
location—the boundary itself—where the atoms have 


‘ dost allegiance to their former family but have not 


yet come under complete influence of their new 
host. Moving towards the crystal center the bonds 
become stronger between atoms until the maximum 
strength of the lattice is established within the main 
body of the crystal. 

This concept and some of its consequences may 
appear clearer by reference to fig. 4. The sketch 
represents a section comprised of a number of crys- 
tals and particularly the large crystal A and the 
smaller one B. Set up on these two crystals are co- 
ordinates, the abscissa representing distance from 
the centers to the grain boundaries and the ordinate 
representing stress. The region of greatest atomic 


4 _ instability is represented on the crystals by the 


black border, the next more stable bonding by the 
cross hatched area, a still more stable region by the 
adjoining shaded portion, and the ultimate in atomic 
stability at the temperature by the white area within 
the crystals. The relative resistance to deformation 
of the various regions in the crystals is indicated 
by the curve plotting stress against distance from 
center to boundary of the crystals. A stress L repre- 
sents the strength of the stable region within the 
crystal. Such a stress would deform the entire grain 
with considerable incident deformation. A  sud- 
denly applied load considerably higher than L would 
rupture much more quickly and with a great amount 
of attendant permanent deformation. A load L, 
would ultimately produce rupture accompanied by 
less extensive deformation since permanent deform- 
ation would occur only in the cross hatched and 
blackened-in region—little occurring, if any at all, 
in the clear and in the adjoining shaded region. 
Finally a quite low stress L,, produces rupture in a 
longer period of time with a very low order of 
deformation since permanent deformation would be 
confined to the region of junction of the grains. 
Conceivably a low enough stress would result in a 
deformationless fracture after a very long period of 
time. 

This relationship of limited deformation with 
failures resulting from the application of low loads 
over long periods of time and of a high order of 
deformation with failures resulting from the ap- 
plication of rapidly applied overloads is well recog- 
nized. Out of many examples of this phenomenon 
may be cited the results of tests by Avery, Cook, 
and Fellows’ of a cast ferrous alloy of 25 pct Cr 
12 pet Ni. A logarithmic plotting of time to rupture 
and of stress producing rupture against percentage 
of elongation is shown in fig. 5. A load of 8000 psi 
breaks this metal in 1070 hr at 1400°F with an 
elongation of only 1 pct, whereas 25,000 psi breaks 
it in 2% hr at the same temperature with an elonga- 
tion of 7.8 pet. At 1800° fracture in about 485 hr 
produces about 5 pct elongation but with a greater 
stress fracture occurs in 1.7 hr with nearly 22 pct 
elongation. Effects of rate of deformation of alu- 
minum have been discussed by Hanson in his 1939 
Institute of Metals Lecture. According to Jeffries,’ 
fracture of copper wire in 1 min under a stress of 
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Fig. 4—Influence of grain growth activity on re- 
sistance to deformation within crystals at elevated 
temperatures. 
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Fig. 5—Relationship 


of elongation to 


fracture time of 


C 0.32, Ni 11.5, Cr 25.9, 


710 psi at 1742°F (950°C) resulted in an inter- 
crystalline, brittle fracture whereas fracture in 5 sec 
under a load of 2500 psi at the same temperature 
was transcrystalline and ductile. 

If the energy be very great and its application 
extremely rapid even a notoriously brittle material 
may behave in an extraordinarily ductile manner. 
Only recently Clark and Bruckner* experimented 
with the use of shaped charges employing the 
“Monroe effect” (the principle of the bazooka of 
World War II) to produce holes in very. hard rock. 
The cone used for shaping the charge was of cast 
iron, of the structure in fig. 6, with a base 6 in. in 
diameter, a 45° apex angle and a 3/16-in. wall thick- 
ness. Recovery of the collapsed cone showed it to 
have deformed from the outlined conical form to 
the slug shown in fig. 7. Microexamination showed 
this brittle metal to have undergone the deforma- 


Fig. 6—Structure of cast iron cone. 
X500 
(Clark and Bruckner.) 


N 0.16 castings. 


(Avery, Cook, and Fellows.?) 


tion indicated in fig. 8. The time required for the 
complete deformation of this cast iron cone was of 
the order of 10 or 15 microsec, the velocity of 
detonation of the blasting gelatine having been 
26,200 fps. Leaving to the physicists the explanation 
of effects such as temperature generated by friction 
and pressure effects, one recognizes in this the effect 
of the application of very great energy over an 
extraordinarily short period of time. Certainly the 
constituent atoms of this metal were all set into 
motion by the very rapidly developing gas pressure 
of the explosive so that the metal attained some 
high temperature. The phenomenon gives a useful 
point approaching zero time in our time to rupture- 
elongation plotting. The shape of the slug is the 
product of the environment. By controlling the 
environmental conditions and with sufficient speed, 
though perhaps considerably less than five miles 
per second, might one very rapidly produce brittle 
materials in a desired wrought form? 

While the crystals of metals are growing rapidly 
there is great atomic movement at the grain bound- 
aries which, like all atomic movement, lowers the 
resistance of the metal to deformation while under 
the influence of energy applied externally. When 
metal is cold worked its hardness, and strength, 
undergo a change. Cold deformation is a common 
method of increasing strength at room témperature. 
When metal that has been cold worked is heated it 
recrystallizes and at some temperature of heating, 
which is higher the lower the amount of cold de- 
formation, rapid grain growth occurs. If the metal 
be stressed at such a temperature of rapid grain 
growth it is found to be weaker and, while the 
amount of cold deformation which does not result 
in rapid grain growth at a given temperature may 
strengthen the metal, as it does at room tempera- 
ture, the process of grain growth may reduce the 
strength to below that of the metal had it not been 
cold worked at all. This is illustrated in fig. 9, the 
work of Zschokke.’ The room temperature tensile 
strength of his tungsten, titanium bearing 18 Cr 
8 Ni stainless steel was steadily increased from 


- 42,670 psi to 87,450 psi by cold working it 35 pet. 


When tested at elevated temperatures there is no 
such steady increase in strength. For each testing 
temperature there is an optimum amount of cold 
working for strengthening. When that amount of 
cold working is exceeded the elevated temperature 
strength decreases. At 1112°F (600°C) the highest 
creep strength, 48,360 psi, resulted from cold work- 
ing about 10 pct. After 35 pct of cold elongation the 
creep strength at 1112°F was only 9960 psi com- 
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pared with 24,890 psi without any cold working. 
Cold working in excess of about 15 pct is sufficient 
to decrease the creep resistance of this metal at 
temperatures of 1112°F (600°C) on up to 1382°F 
' (750°C). The reason for this reduction in strength 
seems clear. For each of the temperatures of testing 
there is an amount of cold deformation that leads 
3 to rapid grain growth. Cold working of a lesser 
degree does not result in grain growth. Consequently 
the lower amounts of cold deformation have a 
strengthening effect and the higher amounts a weak- 
ening one because grain growth involving consid- 
erable atomic movement is going on at the testing 
temperature while the mechanical stress is being 
applied. The same effect would not be expected were 
the cold worked pieces first subjected to the tem- 
perature of test for a period of time without stress= 
ing, so that grain growth could be completed, and 
then loaded. It is the combination of recrystalliza- 
tion activity, the temperature, and the stress that 
~results in the weakened condition. It is the same 
type of weakening as that shown by Sauveur in his 
tensile and in his twisting tests. 


_nonve PRES. “e 


Fig. ’—Slug produced from cast iron cone. 


X14 

(Clark and Bruckner.) 
e Stresses capable of deforming the entire crystal 
with high elongation do not necessarily cause rup- 
% ture to occur through the crystal nor is inter- 
crystalline fracture necessarily an indication of 
brittleness or of low ductility. Considerable de- 
formation of the body of the crystal may be ob- 
served before rupture at high temperatures. Fig. 10 
shows the region immediately in back of and in a 
plane normal to the fracture of a specimen of 18 Cr 
8 Ni broken at 1500°F. The deformation of the crys- 
tals themselves and parting of the grain boundaries 
where they lie normal to the applied stress are 
clearly evident with fracture occurring between the 
grains. The brittle type of fracture is produced when 
failure occurs in grain boundaries with little or no 
deformation of the crystals themselves. 

' During the early period of what may be called 
modern metallurgy the influence of the chemist was 
apparent in the search for a chemical reason for the 
variations in the mechanical properties of metals, 


‘ : 


Fig. 8—Structure of cast iron slug. 


X500. Reduced approximately one quarter in reproduction. 
(Clark and Bruckner.) 


particularly of steel, at ordinary temperatures. 
Metallurgists have come more and more to realize 
that the mechanical properties of metals are the 
result of the structure or of what may be called the 
architecture of metals and that it is only through 
their effects on the structure that chemical elements 
play a part. Their specific effects reside in their 
chemical properties that confer on metals resistance 
to chemical attack. It is not a difficult matter to 
carry this general conception into the region of 
elevated temperatures. To be sure the chemical 
properties of alloying elements become more im- 
portant at high temperatures because chemical re- 
actions are speeded up as temperature increases so 
that, for example, resistance to oxidation in air, 
which at ordinary temperatures may not present a 
serious problem in corrosion, becomes of very great 
importance. Structure, however, still remains the 
predominant factor in mechanical strength. 

The effect of atomic movement resulting from the 
application of energy in the form of heat in lower- 
ing the resistance of metals to deformation under 
the influence of energy mechanically applied is well 
known but the magnitude of the effect is not the 
same on the different elements. If the coefficients of 
thermal expansion at 20°C of the body-centered 
cubic, face-centered cubic, and close-packed hexag- 
onal metallic elements be plotted against their melt- 
ing points, it is observed, as shown in fig. 11, that 
as the coefficient decreases the melting temperature 
becomes higher. Evidently the tendency of the 
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Fig. 9—Effect of cold deformation on creep strength 
at various testing temperatures. 


C 0.11, Mn 1.03, Si 0.82, Cr 18.2, Ni 8.7, Mo 0.03, W 0.82, 
Ti 0.32. Annealed 1922°F—water. 
(Zschokke.) 
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atoms of some elements to resist separation under 
the influence of heat is greater than that of others. 
In the formation of some solid solutions the con- 
stituent elements tend to retain this characteristic 
of resisting separation under the influence of heat 
so that it is observed that additions of metals of low 
coefficient, such as tungsten, molybdenum, tantalum, 
and columbium, have a strengthening effect. An 
exception is noted, of course, in the case of certain 
nickel-iron alloys of the Invar type where magneto- 
striction affects the coefficient of expansion below 
the Curie temperature of the alloy. 

Criteria, with respect to structural effects on me- 
chanical properties, change as temperature increases. 
The association of fine grain with hardness and 
strength at ordinary temperatures gives place to its 
association with weakness and flow at high tem- 
peratures. The strong body-centered alpha iron of 
hard steel becomes a weak structure and the soft 
dutile face-centered gamma iron becomes the strong 
structure at elevated temperatures. Fig. 4 offers an 
explanation of the association of low ductility with 
long-time failure under low loads at elevated tem- 
peratures and it also supplies a reason for the lower 
strength of small crystals at high temperature. The 
conclusion is quickly reached in a glance at this 
sketch that were the metal made up entirely of 
crystals of the size of B it would contain much less 
of the high strength structure represented by the 
clear area than were it made up of crystals of the 
size of A. At ordinary temperatures the black and 
the shaded areas would disappear since no grain 
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Fig. 11—Relationship of melting points of metallic ele- 
ments to their coefficients of thermal expansion at 20°C, 
(10° per degree C). 


Fig. 10—Fracture of 18-8 at elevated temperature showing intercrystalline rupture along with deformation. 
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growth activity occurs. This condition of grain size 
stability would exist up to the temperature at which 
effective grain growth sets in. 

There is no evidence to prove that the ultimate 
in grain size results in the ultimate to be attained 
in resistance to deformation at elevated tempera- 
tures excepting perhaps for a stable solid solution 
or a pure metal. The presence of two or more stable 
phases undoubtedly improves elevated temperature 
strength. The word stable is used advisedly, for 
when the formation or solution of one of the phases 
or a change in form, such as spheroidization, occurs 
while the metal is subjected to a mechanical stress 
resistance is lowered. 

It is difficult to consider the effect of grain size on 
strength apart from the effect of grain growth at 
temperatures where grain growth is normally an 
active factor. No doubt a fine grain size would be 
stronger at elevated temperatures than a coarse one 
were the grain boundaries no more active than at 
normal temperatures. It is therefore reasonable to 
conclude that it is not small grain size per se that 
produces weakness at high temperatures but rather 
the activity of the boundary atoms engaged in grain 
growth. A metal composed of grains grown at a 
temperature of, say, 2100°F, is thus stronger at 
1600°F than is the same metal when it is composed 
of small grains grown at, say, 1400°F. However, the 
finer grained of two different metals may be the 
stronger at a given temperature if it happens to be 
the more resistant to grain growth at that tempera- 
ture. 

The recounting of the effects of the various factors 
considered on the resistance of metals to deforma- 
tion and fracture at elevated temperatures may ap- 
pear here to have been rather oversimplified. The 
picture drawn has been one of metallic systems in 
a disturbed state varying from near stability to 
great activity, from rigidity to fluidity, from strength 
to weakness. Other pictures may be drawn from 
other points of view. 

May I then close with a quotation which Howe, 
with so much greater grace and appropriateness, 
borrowed from the sayings of Tyndall: “Right or 
wrong, a thoughtfully uttered theory has a dynamic 
power which operates against intellectual stagna- 
tion; and even by provoking opposition is eventually 
of service to the cause of truth.” 
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Oxygen in Liquid Open-Hearth Steel — Oxidation 


During Tapping and Ladle Filling 


by T. E. Brower, J. W. Bain and B. M. Larsen 


A mass of circumstantial evidence is presented to indicate that the main source 
of alloy losses in open-hearth tapping is oxidation by air, with the steel apparently 
reacting with an amount of oxygen equivalent to about 30 times its own volume of 
air. The effect is erratic from heat to heat, depending largely on turbulence and 

distance of free fall of the stream of liquid metal. 


HIS paper reports another phase in a general 

study of oxidation in the open-hearth, various 
aspects of which have already been discussed in 
previous papers.” * ’ It is based on experiments con- 
ducted on commercial, basic open-hearth furnaces 
at various times when opportunity offered, begin- 
ning about 1938, in an attempt to determine the 
mechanism and measure the amount of air oxidation 
during the flow of the tapping stream through the 
air into a ladle. This effect is closely connected, not 
only with alloy losses and control of chemical analy- 
sis, but possibly with various questions regarding 
inclusion content and steel quality and with a true 
picture of the deoxidation of steel in general. Thus 
it is believed that discussion of a large part of the 
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results to date may be of assistance to others who 
are studying problems related to deoxidation or to 
steel cleanliness and quality. 

The literature reveals that strangely little atten- 
tion has been devoted specifically to the effect of 
pouring steel through open air. Bardenheuer and 
Henke‘ in 1939, in a paper devoted largely to overall 
losses of manganese in the basic open-hearth, re- 
ported that for a number of heats tapped into a 
tilted ladle held just beneath the runner so that the 
maximum distance of drop of the stream through 
the air was held to less than about 30 in., there was 
in most cases almost no loss of manganese from 
furnace to ladle. Hultgren,® in 1945, showed that in 


high-carbon basic electric steel deoxidized in the 
furnace and containing no large inclusions as it left 
the furnace, large silicate inclusions, often rich in 
manganese oxide, were present in samples dipped 
from the pool in the ladle; also that the rise in con- 
tent of large inclusions (above 0.01 mm diam) was 
greater when the metal stream was made to spray 
or flow in a turbulent manner. 

Our interest in this phase of oxidation in the 
open-hearth was first aroused by a study of alloy 
efficiencies on ladle additions. The frequency curves 
of manganese efficiency (net recovery of metal added 
in ladle) given in fig. 1 are of interest in this con- 
nection. Lowest, and also most variable (47 to 95 
pet), recovery was in low-carbon heats having no 
coal additions to the ladle, progressing upward to a 
maximum average and least variable (82 to 97 pct) 
recovery in high-carbon heats killed with aluminum 
and silicon. Both coal additions and higher carbon 
contents in the tap stream, as well as additions of 
silicon and aluminum, help to lower the amount of 
manganese loss. But the most interesting point is 
the amount of manganese oxidized in many heats 
tapped at 0.50 to 1.00 pct carbon. It has been shown 
in a previous paper® that the amount of oxygen in 
the tap stream in such heats is very small, usually 
below 0.01 pct, too small to oxidize any appreciable 
amount of manganese. Also, the fact that manganese 
should be oxidized at all in a metal solution con- 
taining such more stable oxide-forming elements as 
aluminum and silicon is an indication of some rather 
intense oxidizing effect such as could be caused by 
reaction with the air during ladle filling. 


Oxygen Balances from Tap Stream to Teeming 
Stream: Data in the form of alloy efficiencies, such 
as those shown in fig. 1, are not a proper measure 
of such a general oxidation effect. Having available 
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Fig. 1—Distribution curves of net 
efficiency or recovery of manga- 
nese added in ladle in four groups 
of open-hearth heats, as follows: 
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Curve 1. 54 heats without coal, 0.08 to 
0.14 C at tap, rimmed or 
capped. 

Curve 2. 57 heats with coal, 0.06 to 0.15 
C at tap, rimmed or capped. 
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a rather accurate method’ of sampling to obtain the 
analysis of tapping and teeming streams, including 
dissolved oxygen content, it seemed logical to at- 
tempt an approximate alloy and oxygen balance 
between these two steps in the steelmaking process. 
We could not hope to measure the amount of iron 
lost, but from data on the total weight of metal, the 
amount of carbon, manganese, silicon, etc. added to 
the ladle, and the composition of samples taken 
from tap stream and teeming stream,* we could 


* Average of 2 or 3 samples taken before middle ingot to avoid 
effect of ladle slag reaction on last 1 or 2 ingots. 
measure the loss of all solute elements and obtain 
their oxygen equivalents, assuming negligible losses 
by vaporization. 

As an example of such calculations, which have 
been made on more than 200 heats of various grades 
of steel, we give averaged results for a group of 8 
heats of 0.53 to 0.67 C, Si-Al killed, fine-grain open- 
hearth steel. All weights are expressed in pounds 
per ton of steel tapped. In addition to manganese, 
silicon, and aluminum (2.01 lb per ton of Al aver- 
age), an average of 0.90 lb per ton of graphite was 
added in the ladle. Additions were analyzed and 
weighed with some extra care and the total weight 
of ingots, butts, and pit scrap or skulls was measured 
as accurately as was practicable. The loss of alloys 
between tap and teeming streams averaged as fol- 
lows: 


Lb per ton 
Mn 1.62 
Cc 0.31 
Si 0.88 
Al 0.94 


The above metal losses, converted into oxygen 
equivalents as MnO, CO, SiO., and AIl,O, are as fol- 
lows: 


Lb per ton 
O, equivalent of Mn loss 0.47 
O, equivalent of C loss 0.41 
O, equivalent of Si loss 1.00 
O. equivalent of Al loss 0.84 
Total. 272 


The dissolved oxygen, however, dropped from 0.009 
pet in the tap stream to 0.002 pct in the teeming 
stream, representing an oxygen contribution of 0.14 
lb per ton. 


Lb per ton 
Total oxygen equivalent of solute losses lier 
Change in dissolved oxygen 0.14 


(TS SSN SR et ee Re eNO a Age 
Apparent oxygen from external sources 2.58 


In these heats of fine-grained steel, apparently, only 
a few percent of the losses of alloys can possibly be 


Curve 3. 27 heats without coal, 0.06 to 
0.12 C at tap, Al, Si killed. 

Curve 4. 30 heats with and without coal, 
0.50 to 1.00 C at tap, Al, Si 
killed. ‘i 
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due to reaction with that oxygen which is dissolved 
in the steel as it leaves the furnace. The large re- 
maining loss could conceivably be due in part to 
vaporization or if, as seems very probable, it is 
nearly all oxidation loss, it could also be partly due 
to reaction with the furnace slag. If, as the authors 
believe, it is essentially all the result of air oxida- 
tion, this means that the liquid steel and the alloys 
added, in the above average of 8 fine-grain heats, 
have somehow come into contact with an amount of 
oxygen equivalent to about 146 cf of air per ton of 
metal, or about 33 times the volume of the liquid 
metal itself, all this in the 8 to 15 min of flow of the 
tap stream down the runner and in its tumbling 
rather violently into the ladle below. 

We can observe certain qualitative indications of 
such an effect. The high temperature of the liquid 
steel surface and the transparency of air to radiant 
energy cause sharp temperature gradients and an 
obviously violent rising and eddying flow of air 
around the stream and into and out of the ladle. A 
layer of oxide scum something like an inch thick 
can be seen to rise up and cover most of the ladle 
pool surface before the slag flow begins. Repeated 
bursts of flame occur from gases rising out of the 
pool, which must contain carbon monoxide. As dis- 
cussed in a later section, we find evidence of great 
turbulence and much breaking up of the falling 
stream and of air carried down into the ladle pool 
by such a stream of metal. However, experimental 
conditions prevent a direct quantitative confirmation 
of such an oxidation. We cannot measure the iron 
loss, nor separate and weigh the scum on the ladle 
pool nor the CO gas evolved. Thus the simplest 
presentation is perhaps to give the data on the as- 
sumption that the unaccounted-for loss of the solute 
elements is an approximately accurate measure of 
air oxidation and to let the reader judge as to the 
reasonableness of the picture thus outlined. 

A few clues result from the distribution and 
amount of solute losses in various grades of steel as 
tabulated in table I below, where enough heats are _ 
averaged in each group to eliminate largely the 
variability from one heat to another. The propor- 
tion of the apparent total oxidation effect which is 
due to reaction with oxygen dissolved in the tap 
stream is larger in the low-carbon steels, though 
even here there is three to four times as much 
oxidation from external sources, presumably air. 
Also total loss and oxidation are greater in those 
grades to which more silicon, aluminum, or chro- 
mium are added in addition to the manganese. This 
may be caused by more unmeasured iron loss in the 
low-carbon grades, especially the open steels, also 
by more total reaction with the air when more of 
the easily oxidizable elements are present. Although 
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somewhat less manganese is lost in those grades in 
which more silicon and aluminum are present, the 
fact that manganese loss is high even in these grades 
is an indication of a “strong” oxidation effect such 
as would result from a bessemer-type reaction with 
air. Addition of coal or graphite causes larger car- 
bon losses, and it seems likely that a part of this 
increased loss may be due to carbon granules of low 
density being blown up into the air above by rising 
air currents. There is, however, a small but definite 
measured carbon loss even in heats in which the 
carbon could only have been oxidized directly out 
of the iron solution. This is again an indication of 
direct oxidation by air; enough is known of the 
carbon reaction to make it very unlikely that any 
appreciable amount of this carbon oxidation could 
be caused by the furnace slag under these condi- 
tions. The losses in general strongly suggest a gen- 
eral oxidation of all the elements in solution as well 
as of the iron itself (much of this oxidized iron 
might be reduced again before mixing with the final 
ladle slag) such as would result only from direct 
reaction with oxygen present at high activity in the 
atmosphere. 

Compared to air, the tap slag is only mildly oxid- 
izing to both the tap stream and the alloyed metal 
in the ladle. Also, it normally comes out only with 
the last one-third or less of the steel and flows on 
top with no great amount of mixing into the ladle 


Table I. Distribution and Amount of Solute Losses 


pool. Thus it would seem reasonable to assume that 
slag oxidation after tap is only a minor factor.* This 


* Except with respect to the top layer of steel which can react 
with slag all through the teeming period and produce the well- 
known falling off in manganese or residual aluminum contents in 
the last ingot in many heats, especially when a thick layer of slag 
remains on the ladle metal. 


assumption is fairly well substantiated by the com- 
parisons in table II below, which includes the oxida- 
tion effect in heats with furnace tap slag kept off 
the ladle compared with normal practice heats and 
also heats made with a tilted ladle, all the heats 
being of low-carbon steel, tapped open. 

Heat A was tapped from a tilting furnace, with 
the taphole stopped off sufficiently to prevent any 
slag flow ahead of the steel; the furnace was tipped 
back quickly with some steel remaining on the 
hearth so that only a very small amount of slag fol- 
lowed the metal. Heat B was tapped from a sta- 
tionery furnace, but through a slag-separating box; 
here again only a small amount of furnace slag, and 
that only at the end of the tap, entered on top of the 
ladle. Col. 3 shows the average alloy loss equivalents 
for 5 similar low-carbon (0.06 pct or below) rim- 
ming heats tapped in the normal manner with slag 
flowing into the ladle during the later part of the 
tapping period; the total net oxidation which is un- 
accounted for is essentially the same as in the heats 
in which practically no slag tumbled into the ladle. 


in Various Grades of Steel 


Capped and Rimmed 
Semi- _ Si- Fine- Fine- 
killed killed grain grain Alloy 
0.03-0.13C | 0.10-0.26C | 0.11-0.30C | 0.05-0.10C | 0.53-0.67C | 0.25-0.80C | 0.40-0.60C 
No. heats averaged 55 22 11 25 8 ; 6 7 : 
Coal or graphite none coal coal none graphite coal graphite 
to ladle or coal 
Lb per Ton of Steel 

Mn loss 2.27 2.23 PERRI 1.50 1.62 1.92 2.00 
Cc pe 0.17 0.65 0.38 0.10 0.31 0.73 0.56 
Si loss 0.05 0.08 0.67 2.01 0.88 0.73 0.97 
Al loss 0.18 0.04 0.32 0.29 0.94 0.71 0.94 
Cr loss 0.76 
Total alloy losses 2.67 3.00 3.58 3.90 3.75 4.09 5.23 
Total oxygen equiv. 

of alloy iosecs 1.13 1.67 2.20 3.09 2.72 2.98 3.61 
Decrease in oxygen 

in solution 0.27 0.36 0.46 0.78 0.14 0.24 0.22 

arent air 
eouation | 0.86 | 1.31 | 1.74 | 2.31 | 2.58 | 2.74 | 3.39 


Table I. Comparison of Oxidation Effect in Heats with Normal Practice 
Heats and Heats Made with Tilted Ladle 
Oxygen Balances—Lb O, per Ton of Steel 


Slag-separated 
a eats : Avg. of 5 Tilted Ladle Heats 
: Normal Tap 
Heats Compar- Avg. of q 
A B able to Aand B Cc D Similar 
Heats 
n 0.54 
Oxygen equiv. of Mn lost 0.84 0.44 0.74 0.75 0.61 
Oxygen equiv. of C lost 0.25 0.11 0.25 0.14 0.21 0.27 
Oxygen equiv. of Si lost 0.07 0.90 0.08 0.08 0.10 ees 
Oxygen equiv. of Al lost 0.33 0.34 0.24 0.10 
Oxygen equiv. of total 
aioy leases 1.49 1.79 1.31 0.97 0.92 0.99 
nh. in dissolved 
ees —0.50 —0.90 —0.32 0.52 0.44 0.43 
Apparent oxygen from 
Eeeeenial sources 0.99 0.89 0.99 0.45 0.48 0.56 
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NITROGEN CONTENT OF TAP STREAM 
MINIMUM = 0.0014 % 


Fig. 2—Air oxidation vs. 
nitrogen increase between 
tap stream and teeming 
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INCREASE IN NITROGEN CONTENT — PERCENT 


MAXIMUM = 0.0044% 
AVERAGE = 0.0028 % 
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O 
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stream. 
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OXYGEN ABSORPTION FROM AIR — LBS PER TON OF STEEL 


The last three columns give the corresponding data 
for two individual heats, and for one average of 7 
heats, all of low-carbon open steel as in the first 
three columns; here, the ladle was tilted and held 
under the runner during the tap so that the metal 
stream never fell more than 12 to 18 in. through the 
air to the sidewall or the pool of metal in the ladle; 
furnace slag was allowed to accompany the latter 
part of the metal into the ladle in the normal man- 
ner. The only different condition present in these 
tilted-ladle heats was the smaller fall and less vio- 
lent tumbling of the tap stream into the ladle pool. 
There is perhaps no significance in the various 
individual loss items in table II, but the difference 
in total external oxidation between the first three 
and the last three columns is large enough to be 
significant. Whereas the elimination of mixing be- 
tween furnace slag and ladle metal had almost no 
effect, the decreased fall and violence of drop of 
metal stream into ladle pool reduced the oxidation 
effect to about half the average level for normal 
practice, in these low-carbon heats. Similar differ- 
ences in other heats and for different grades are 
shown in the discussion later in this paper. It is very 
difficult to explain such an effect by any mechanism 
other than the predominance of air oxidation, not 
only by reaction of air with exposed liquid surface, 
but apparently also by actual mixing of air down 
into the ladle pool, as will be discussed later. 
Nitrogen Absorption During Ladle Filling: Pre- 
liminary nitrogen analyses on samples from: (1) 
furnace bath just before tap; (2) tap stream off the 
end of the runner, and (3) pouring stream at the 
platform gave very close agreement between sam- 
ples (1) and (2) but a definite increase in nitrogen 
from (2) to (3). Due to a probable higher energy 
barrier to reaction and the limited solubility of 
nitrogen in the liquid metal, one would expect very 
much less reaction with nitrogen than with oxygen 
during tap. Nevertheless, if this alloy loss during 
tapping and ladle filling is essentially a matter of air 
oxidation, one would expect some degree of correla- 
tion between oxygen and nitrogen absorption. Nitro- 
gen analyses were made therefore on tapping and 
teeming samples from a group of heats selected to 
cover a wide range of calculated values for total 
air oxidation, with results shown in fig. 2. The 
ordinate in this figure is the increase in percent nitro- 
gen from tap stream to teeming stream. As indicated 


on the figure, the actual nitrogen contents in tap 
stream samples varied from 0.0014 to 0.0044 pct. 
Considering possible errors in differences between 
such small nitrogen contents, the points indicate a 
surprisingly good approach to a linear relationship 
between nitrogen and oxygen absorption, thus giv- 
ing us another independent effect tending to con- 
firm the reality of such a surprising amount of re- 
action between atmosphere and liquid metal. 

Another somewhat related indication was derived 
from the observation that rimming action was more 
sluggish in a group of rimmed heats tapped into a 
tilted ladle with only 12 to 18 in. of free fall into 
the pool and only about half as much air oxidation 
as in normal tapping practice. In table III, averaged 
data on seven such heats are compared with ten 
normal-tap rimming heats which gave almost the 
same average carbon and oxygen contents in the 
tap stream. The reduced turbulence in the tilted 
ladle gave a 46 pct reduction in “external” oxida- 
tion, which showed up mainly in an increased re- 
covery of manganese; however, this also seemed to 
leave a decreased amount of oxygen in the steel at 
the platform. The A[O] values (the excess of oxygen 
in solution above the value for equilibrium with the 
carbon at 1 atm pressure) are nearly the same in 
the tap stream in both groups, but after the turbu- 
lence of ladle filling is over, the quieter tilted-ladle 
heats show only about half as much excess oxygen 
in the stream entering the molds. Only by the use 
of extra sodium fluoride and less aluminum in the 
molds was reasonably good rimming action obtained 
on these heats, in spite of a slightly lower average 
aluminum addition to the ladle. 

Flow of Air with Falling Streams into a Liquid 
Pool: The rate of reaction between exposed surfaces 
of liquid metal and oxygen diffusing through a 
postulated air film might be calculated on the as- 
sumption that all oxygen molecules reaching the 
metal surface would react, but the results would 
be uncertain, even perhaps in order of magnitude. 
The effective air-film thickness at temperatures of 
2850° to 2950°F, the true area and time of exposure 
of liquid surface together with other possible un- 
known aspects of the reaction all tend to discourage 
such a calculation. One can guess that the rate would 
be relatively high because of the probable steep 
temperature gradient in air next to the liquid sur- 
face, but it is still difficult to accept a surface re- 
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action with air to the extent of as much as 30 to 50 
times the liquid-metal volume, in view of the short 
exposure of such a massive tap-stream and ladle- 
pool surface. Also, the probable degree of variability 
in surface exposure would not appear sufficient to 


explain the wide range in amount of air oxidation 
indicated by the points in fig. 2. 
& We were thus led to suspect that bubbles of air 


are carried down into the ladle pool by the falling 
tap stream. In some laboratory studies of water 
streams falling into a glass tank from a reservoir 
with a bottom outlet simulating a ladle nozzle, it 


Table II. Comparison of Low-carbon Rimmed Heats 


Avg. of 
10 Non- | Avg. of 
Tilting |7 Tilting 


Ladle | Ladle Differ-——_ 


Heats Heats ence 


Lb O:2 per ton equivalent to Mn loss 0.84 0.54 
Lb O2 per ton equivalent to C loss 0.28 0.27 
Lb O2 per ton equivalent to Si loss 0.06 0.08 
Lb O2 per ton equivalent to Al loss 0.15 0.10 
: Total lb. O2 per ton equivalent 1.33 0.99 
Sa Net change in dissolved O2* —0.30 —0.43 
q Lb O:2 per ton from air 1.03 0.56 0.47 or 45.7 
, pet reduction 
: Mn loss Ib per ton 2.87 1.86 1.01 
i C loss lb per ton 0.21 0.20 
. - Siloss lb per ton 0.06 0.07 
_-— Al loss lb per ton 0.17 0.11; 0.06 
i Total loss Ib per ton Sod 2.24 1.07 
“i Avg. lb per ton Mn added in ladle 6.5 7.7 
a Mn efficiency of ladle addition, pct 55.5 76.9 21.4 
4 [C] in tap stream, pct 0.066 0.068 
: [O] in tap stream, pct 0.060 0.056 
H [O] equilibrium with C, pct 0.034 0.033 
A [O] above equilibrium, pct 0.026 0.023 
[C]-in teeming stream, pct 0.079 0.088 
7 [O] in teeming stream, pct 0.045 0.034 
g [QO] in equilibrium with C, pct 0.028 0.025 
px A [OQ] above equilibrium, pct 0.017 0.009 0.008 
ie 2 


* Os in tap stream minus O:2 in teeming stream. 
+ Two heats did not have aluminum addition, average for re- 
maining five was 0.15. 


Fig. 3—Enlarged frames 

from high-speed motion 

picture of falling water 
stream entering pool. 


- a. Wave in stream just entering 


pool. 

b. About 0.015 sec later than 3a, 
showing mass of bubbles car- 

ae ried into pool with impact of 

wave. 


was found that the entrapment of bubbles into the 
pool was too rapid for visual observation or for re- 
cording by a motion picture camera operating at 
4 to 6 times the normal speed. This finally led to 
pictorial records made with a high-speed camera at 
1000 to 2500 frames per second so as to enlarge the 
time scale 75 to 150 times. Such studies led to the 
following conclusions: 


1. Smooth streams of constant, or nearly con- 
stant, diameter seem to carry no bubbles into a 
pool, even with rather long distances of free fall. 

2. Any such free-falling stream is unstable, how- 
ever, tending eventually to break up into drops, 
with a transition of increasing waviness between 
smooth cylindrical stream and separate drops. Be- 
cause of the instability in such a stream, any eddy 
or vortex within the liquid, or any disturbance of 
smooth flow by obstacles, sudden turns, etc. all tend 
to accelerate the development of roughness in the 
falling liquid stream. All these effects seem to be 
even more marked in liquid mercury than in water, 
due, perhaps, to higher surface tension. 

3. It is the impact of a wave or other roughness 
in the stream surface which pushes: the pool aside 
and permits the entrapment of a volume of the air 
being pulled along adjacent to the stream surface; 
this entrapped volume is then carried down into the 
pool as a shower of smaller bubbles. 

4. Such bubbles, once carried down into the pool, 
are prevented from rising out immediately by cir- 
cular eddies set up within the pool by the falling 
stream. 

This effect can be seen best by viewing the high- 
speed motion picture records, but the enlargements 
of two frames from one such record, shown here in 
figs. 3a and 3b, will serve as an indication. Fig. 3a 
shows a wave in the stream just about to enter the 
pool, which contains at the moment only scattered 
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bubbles but none entering with the stream; fig. 3b 
shows the shower of bubbles present in the pool 
near the stream a very small fraction of a second 
later, after the impact of this wave on the pool sur-~ 
face. Similar photographs of liquid mercury which 
in this case include only the stream and the pool 
surface, showed that wavy streams carry air bubbles 
down into the pool of this much heavier lquid. 

The density of liquid steel is intermediate be- 
tween water and mercury; its viscosity is rather 
close to that of water and its surface tension more 
nearly like that of mercury. Similar high-speed pic- 
ture records were made during the tapping of sev- 
eral commercial open-hearth heats. Figs. 4a, 4b, and 
4c are again enlarged frames from motion picture 
records showing tap stream and ladle pool, on three 
such heats; here again, the original records viewed 
in slow motion, made in natural color in some cases, 
show the effects much more clearly. Fig. 4a serves 
at least to indicate the surface character of what, 
by comparison, would be called a relatively smooth 
tap stream; even under best average conditions the 
stream surface, as shown here, has rather rough 
contours, indicating turbulent flow. Fig. 4b illus- 
trates the rougher contours of what would be called 
a relatively heavy surging or pumping tap stream; 
at this particular instant of flow, the stream is 
divided into almost completely separate portions. 
Reasoning by analogy from the above observations 
on falling water streams, one would-expect a con- 
siderable transport of bubbles down into the ladle 
pool, even with the relatively smooth stream of fig. 
4a, but that this transport would be much greater 
with a rougher stream such as in 4b, which differ- 
ence was actually observed in these heats. In 4c is 
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Fig. 4—Enlarged frames from high-speed motion pictures of fap streams s 
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Fig. 5—Distribution curves of total alloy loss and 
calculated oxygen absorption in pounds per ton of 
steel—based on 52 heats of 0.03 to 0.13 C capped 
and rimmed steel, tapped into regular vertical ladle. 


shown a flame burst, presumably from burning CO, 
indicating the escape of bubbles comprising mainly 
nitrogen and carbon monoxide, from the pool after 


entering ladle pool on three open-hearth heats. 


a. Relatively smooth tap stream. 


b. More turbulent tap stream with rougher contours. 
c. Flame burst from pool near tap stream; duration of burst about 0.01 sec. 
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age somewhat higher, the variability of about 3 to 1 
in ratio being about the same in pounds per ton of 
steel as in the lower carbon heats. 
} The word “deoxidation” has always been a rather 
ambiguous term in steelmaking parlance. Actually 
ae the normal process of tapping and adding alloys in 
the ladle is a combination of oxidation and deoxida- 
tion which nearly always results in some net de- 
crease in oxygen content between tapping and teem- 
ing streams. The loss in any one solute element is 
presumably due in part to reaction with oxygen in 
solution in the tap stream as well as with oxygen 
coming from external sources, which we are assum- 
ing to be the atmosphere in this discussion. If we 
make the somewhat arbitrary assumption that the 
net decrease in dissolved oxygen is divided among 
the various alloy additions in the ratio of their rela- 
tive losses, we can derive approximate values for 
the losses of any given metal which is due to “air 
LBS/TON oxidation only.” The frequency curves of fig. 7 are 
obtained from such values, in this case for man- 
ganese loss; the solid curves show the range of total 
manganese losses, the dashed curves show the loss 
“from air oxidation only.” In the higher carbon 
killed-steel heats shown by the upper curves, the 
dissolved oxygen is small and is shared among other 
alloys, so that the range and variability in man- 
90 130 170 210 250 290 330 370 410 ganese loss from “air oxidation alone” is almost the 
OXYGEN ABSORPTION FROM AIR-LBS PER TON OF STEEL same as the total loss. In the low-carbon open steel 
Fig. 6—Distribution curves, total alloy loss and heats shown by the lower curves, about 25 pct of 
calculated oxygen absorbed from air—32 heats of the manganese loss is counted as resulting from the 
0.08 to 0.68 C silicon-killed, coarse grain, tapped oxygen in the tap stream, but the variability is seen 
into vertical ladle. to be nearly all due to oxygen from external sources. 
These curves indicate a variability range of from 
0.16 to 0.18 pet Mn apparently due to variable “ex- 
ternal oxidation” during tap. This variable may be 
considered as almost entirely out of control of the 
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% having been carried under as air bubbles by the 
falling stream. 

Variability in Oxidation Losses During Tap in 
Normal Shop Practice: Even ordinary visual obser- 
vation gives rather good indications that turbulence 
and exposure to air are quite variable from one heat 
to another in normal open-hearth tapping practice. 
Irregularities inside the taphole or in the runner 
near the taphole exit are probably responsible for 
| surging and waviness in the stream; however, such 
gi: extreme conditions as spraying or pumping of the 
e stream may be in part related to other factors such 
as gas evolution back inside the taphole. Occa- 
i sionally, a tap stream may appear smooth, flowing 
- . like a viscous fluid such as tar or honey, but this ms — 

condition is rather exceptional and may vary Or rear Cana NGG. BOG 1 SET SoG eA 
through degrees of turbulence to really violent taps VMANGANESE LOSS BS PER TON GF ETECE ; 
when pumping, spraying, and billowing of the 
stream are present all together. : __| 0.03 TO 0.13% C- CAPPED & RIMMED STEEL — 52 HEATS 

Therefore, on the assumptions: (1) that air oxida- 40 
tion is the main, or at least a major factor determin- 36 5 ra 
ing alloy losses, and (2) that area and amount of 32/AVG=1.65 LBS 
. reaction at exposed liquid surface as well as amount’ ire 
-of air entrained in the ladle pool would increase 

with degree of turbulence in the tap stream, we 

would logically expect a wide variability in alloy 
losses, as indeed was indicated by the plant data on 
manganese recovery from ladle additions shown in 
fig. 1. However, the true variability in pounds per 
ton of steel in both total alloy loss and the calculated 
- amount of air oxidation are shown are ares tap- 

i ractice more accurately by the frequency 
p: Bee ee in figs. 5 and 6. Fig. 5 is derived from 52 °% 050 1.00 1.50 ae eon ee eae 4.00 
: heats of low-carbon (0.03 to 0.13 pct) open steels, : Goer LOSS-LBS , 
showing a variability of at least 4 to 1 in apparent Fig. a ee poodle of ante oss— 
air oxidation. Fig. 6 is based on 32 heats of coarse- regular vertical ladle. 
grained silicon-killed steel varying from 0.08 to 0.68 A. Total loss from air oxidation plus oxygen dissolved in 
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Fig. 8—Distribution curve of ratio between man- 

ganese and silicon losses during tap into normal 

vertical ladle—based on 42 heats of 0.08 to 0.18 C, 
silicon-killed. 


furnace operators under normal conditions of fur- 
nace operation, so that even with the most accurate 
analyses and weights, the melter cannot be expected 
to regulate the manganese content within a range of 
less than about 20 points. This is a typical instance 
of the lack of close control of composition in general 
which is inevitable in nearly all present practices 
for handling steel from furnace to ingot mold. 
Silicon losses show a similar variability in normal 
practice. The relative amounts of manganese and 
silicon losses obtained in any one heat also vary 
widely in their ratio; even among heats of the same 
grade of steel in one shop the manganese loss is 
sometimes larger, very often much smaller than the 
silicon loss, in pounds per ton of steel. This is illus- 
trated by the frequency curve of fig. 8, derived from 
data on 42 heats of silicon-killed steel, all within 
0.08 to 0.18 pet carbon and with aluminum addi- 
tions to the ladle around 0.5 lb per ton or below; 
the variation here of 6 to 1 in the ratio probably 
covers most of the heats of a given grade, although 
in this case three heats with Mn/Si loss ratios of 
2.5, 2.5, and 3.6 were not included since they were 
so far out of the range covered in fig. 8. Briefly, we 
may say that erratic oxidation effects seem to be 
inherent jn normal furnace tapping practice, prob- 
ably due to erratic mixing conditions and the 
“strong” oxidizing effect of oxygen from air. 
Experiments on Some Methods of Reducing Air 
Oxidation: In view of the practical difficulties in 
handling liquid steel at 2800° to 2950°F, only a few 
of the simpler methods of minimizing this oxidation 
effect have been tried up to the time of this writing. 


The simplest idea which might occur to anyone con- 
sidering the problem would be to surround the 
stream and ladle pool with a reducing or neutral 
atmosphere. A number of heats were tapped with a _ 
stream of small coal, from 25 to 75 1b total weight, 
fed until slag began to flow, on the tap stream near 
the taphole, the coal flowing on the metal down the 
runner and into the ladle. A few heats were also 
made with a large number of tiny streams of heavy 
oil flowing on the steel along the length of the 
runner. In either case, the hope was to form reduc- 
ing gases which might be carried along by the mov- 
ing metal surface. These efforts were a complete 
failure, giving no reduction in total loss of man- 
ganese, silicon, and aluminum. In the heats fed with 
coal, the total carbon loss was somewhat higher, 
which was to be expected. 

In another group of silicon-killed heats, large 
additions of calcium-silicon alloy, substituting for 
part, or all, of the ferrosilicon normally used, were 
made in various ways. The alloy was placed all on 
the bottom of the ladle, or fed at various intervals 
to the ladle during tap, or, by selecting fine-sized 
pieces, was fed on the tap stream in the runner over 
the whole tapping period. Counting in the oxygen 
required to oxidize the calcium, the total oxidation 
effect was larger on these heats than in a comparison 
group deoxidized with ferrosilicon. Silicon loss was 
about the same in both groups, manganese loss was 
appreciably lower in the Ca-Si-treated group, and 
with the oxygen equivalent to the change of the 
calcium metal to CaO omitted, the total apparent 
external oxidation in these heats was lower by 
about 20 pct. In spite of the higher specific gravity 
of calcium vapor or CaO fume, it was quite apparent 
that a violently eddying layer of air was carried 
down with the tap stream, easily displacing the 
fume-filled gases over the pool in the ladle. In gen- 
eral, manganese recovery can be improved rather 
consistently by feeding a stream of small-sized 
silicon or other similar alloy on the tap stream in 
the runner. However, total air oxidation is not re- 
duced and, in fact, is likely to be somewhat in- 
creased by such practice. It merely tends to decrease 
manganese loss at the expense of a larger silicon 
loss. 

The failure to reduce air oxidation in these tests 
is interesting mainly because it illustrates the vio- 
lent eddying caused by the steep temperature gradi- 
ent which makes it practically impossible to prevent 
air from being swept into intimate contact with all 
exposed liquid metal surfaces. 

Since with a stream of any given turbulence, the 
larger the distance of free fall into the ladle pool, 
the greater should be the tendency to break up and 
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Fig. 9—Tilting ladle. 
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Fig. 10—Distribution curves of 
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carry in more air bubbles, a few preliminary taps 
were made in which the craneman held the ladle 
initially almost horizontal just under the runner 


and lowered it during tap only fast enough to pre-— 


vent overflow, so that free fall of the tap stream to 
the side of the ladle lining or the pool was held to 
below about 18 to 20 in. In contrast to the negative 
results mentioned above with reducing gases, this 
decrease in distance of free fall lowered the air 
oxidation to around half the usual value (see table 
II above). However, the safety problem and the 
skill required for such a tilting operation with the 
ladle crane made desirable a tilting-ladle arrange- 
ment such that any required number of experi- 
mental heats could be run off with a minimum of 
disturbance to normal shop operations. 

Such an arrangement is shown in the sketch of 
fig. 9; this involves a special ladle stand designed 
to support both normal and tilting ladles, and a 
special ladle with four extra castings attached to 
the shell. Two of these form a pivoting point at the 
top of the vertical extensions to the ladle stand, the 
other two engaging the main hoist hooks on the 
ladle crane. The dashed lines show the ladle posi- 
tion at the beginning of tap; a gradual lowering 
during tap until the filled ladle rests in the normal 
way on the stand maintains less than about 15 in. 
of free fall of tap stream, and the ladle is then 
picked up in the normal manner for transfer to the 
pouring platform. 

As far as we could judge, this technique, which 
was successfully used on some 40 to 50 heats, altered 
nothing but the distance of free fall of stream, at 
least to any large extent. The total effective expo- 
sure of liquid surface to air was probably not de- 
creased; there was less falling stream surface but 
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OXYGEN ABSORPTION FROM AIR-LBS PER TON OF STEEL 
a somewhat larger average area of ladle-pool sur- 
face which was also situated more favorably for 
contact with moving air in the tilted ladle. It is 
therefore very probable that any effect on amount 
of air oxidation is essentially due to less breaking up 
of the free-falling stream so that a decreased amount 
of air bubbles was carried into the ladle pool. The 
frequency curves of fig. 10 show the distribution of 
oxygen absorbed from air per ton of steel for 32 
heats into the tilting ladle and for a comparable 
group of 27 heats tapped into the usual vertical 
ladle. Both groups include rimmed, semikilled and 
killed steels, but all heats were made in one shop 
and the comparison group of vertical ladle heats was 
selected to eliminate as much as possible any aver- 
age differences in other known variables. On the 
average, the tilting ladle reduced the amount of ap- 
parent air oxidation by 25 pct and also reduced the 
spread in air oxidation between different heats in 
the group. 

From visual observation of the tap stream, helped 
out by the high-speed moving pictures (see fig. 4) 
it soon became obvious that: (1) even relatively 
“smooth” tap streams were quite possibly turbulent 
enough to carry air bubbles into the ladle pool in 
either tilting or vertical ladle; (2) there were large 
differences in stream turbulence between heats in 
both groups; and (38) these differences, even as 
judged by ordinary visual observation, had an obvi- 
ous effect on the amount of alloy losses. These effects 
are illustrated by the frequency curves of fig. 11. In 
these observations, the visual estimate of relative 
stream roughness is only a rough criterion but is 
probably adequate for such statistical comparisons. 
The general trend is toward a reduction in alloy loss 
with less turbulence and spraying of the tap stream 
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in both the tilting ladle heats (12 to 18 in: of free 
fall) and those tapped in the normal way into a 
ladle standing vertical (5 to 10 ft of free fall of 
stream); as in fig. 10 for oxygen absorption, the 
total alloy losses here in fig. 11 again show the effect 
of the shorter distance of stream fall. 

In general, it is difficult to account for such be- 
havior on any assumption other than that of variable 
amount of mixing and reaction with the oxygen of 
the atmosphere. No correlation has been observed 
between tap time and these calculated amounts of 
air oxidation. Apparently, oxidation can proceed 
very rapidly so that the effectiveness of mixing with 
air is the controlling factor. Some more recent data 
have been obtained on heats from tilting furnaces 
in which the rate of tap-stream flow is generally 
higher, but in which there is also a more turbulent 
and violent impact of the stream on the ladle pool. 
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Six of these heats averaged close to 3.0 lb external 
oxygen absorption per ton of metal, with a few heats 
above the maximum of the distribution range for 
vertical ladle heats in fig. 10. 

Reduction of Manganese Losses in Tapping Prac- 
tices: Relative losses of individual alloys in tapping 
show no consistent trends, the most definite being 
that aluminum losses are less variable and much 
less affected by tapping conditions than those of 
either manganese or silicon. A very small saving 
in average aluminum recovery in fine-grained heats 
was obtained with the tilting ladle practice, for 
example. In partial agreement with the results of 
Bardenheuer and Henke,* a few heats with the tilt- 
ing ladle gave practically zero loss of manganese, 
but this was not at all consistent. Under present 
conditions of potential manganese supply for our 
steel industry, any possible saving in manganese 
loss happens to be of special importance. In fig. 12 
are shown the distributions of manganese loss for 
three groups of heats, each group a composite of 
rimmed, semikilled and killed steels. 

Group A includes nearly all the tilting ladle heats, 
with only those having definitely turbulent or spray- 
ing tap streams omitted. Group B includes heats 
from normal tapping practice in which the tap 
streams appeared smooth or with only a very moder- 
ate degree of turbulence. Group C includes heats 
from normal practice all having turbulent, pumping 
or spraying tap streams. These groups of about 25 


heats are not large enough to give regular frequency 
distribution, but the average manganese losses of 
0.82, 1.61, and 2.38 lb per ton, respectively, are prob- 
ably close to what might be expected in larger 
groups. 

These results indicate that merely with much im- 
proved taphole practice and tapping procedures 
such as would give consistently smooth-flowing tap 
streams, an average saving of around 0.4 to 0.5 lb 
manganese per ton might be obtained, perhaps a 
little more. (The writers’ somewhat limited obser- 
vations would indicate that really smooth-flowing 
tap streams are more the exception than the rule 
in typical shop practice.) Although the total poten- 
tial saving of manganese is around 2 lb per ton by 
elimination of all air oxidation, we are not likely to 
devise any very practicable method for such elim- 
ination in the near future. However, a combination 
of smooth tap-stream flow in nearly all heats 
with some method such as the tilting ladle which 
would result in a minimum free fall of the tap 
stream would appear to give an average decrease in 
manganese loss of around 1.0 lb per ton of steel. 
Since this would probably be accompanied by around 
0.7 1b of increased silicon recovery and perhaps 0.05 
lb less aluminum loss, the cost savings in alloys 
should materially reduce any probable increase in 
operating cost involved in such practices. 

It should be remembered that any such reduc- 
tion in manganese loss in tapping is entirely inde- 
pendent of any saving through increased recovery 
in the metal in the furnace bath before tap. 


Oxidation Effects and Steel Quality: We have no 
definite evidence at this time of any correlation be- 
tween “air oxidation” and “steel quality,” and in 
any case would prefer not to complicate the present 
discussion with this subject and with the vague and 
contradictory evidence regarding it to be found in 
the literature. A few brief comments may be help- 
ful, however. Seams, inclusion streaks, and certain 
surface defects have in various papers been asso- 
ciated with ‘“deoxidation practices,’’ with erosion or 
chemical attack on refractories, with precipitation 
of nonmetallics during freezing, and with furnace 
charge materials or refining practices. The writers 
feel that clear-cut evidence is lacking for practically 
all the various viewpoints, probably because we still 
lack fundamental knowledge about the mechanism 
and controlling factors in the formation of pre- 
cipitates or emulsified nonmetallics in the liquid 
metal. 

There are definite indications of some kind of 
relationship between the oxidation effects involved 
in normal tapping practices and inclusions in the 
metal. In killed heats, the 3 to 9 lb of manganese, 
silicon, and aluminum oxides formed by oxidation 
per ton of metal in the ladle amounts to approxi- 
mately 0.4 to 1.0 pct in terms of liquid metal volume. _ 
A very large majority of these oxide particles rise 
quickly to the surface of the ladle pool, forming a 
scum which mixes with the rest of the ladle slag. 
In the molds, an additional amount of oxide ma- 
terial tends to rise out and form a scum on ingot 
tops. This scum quite often carries occluded or par- 
tially dissolved fragments eroded from refractories, 
but is more normally a rather homogeneous material 
with a composition which tends either to agree with 
that which would be predicted from the relative 
amounts of loss of the various alloy additions by 
oxidation in the ladle, or deviates from this pre- 
dicted composition in a manner consistent with 
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variable rising rates of particles of variable compo- 
sition and physical state. This scum is sometimes 
partly entrained in the surface layers of the ingot 
to give surface or subsurface defects, or it may sink 
down into the shrinkage cavity during freezing to 
give certain pipe or blowhole defects. Some data on 
analysis of inclusions extracted from the final steel 
again suggest the same ladle oxidation products as 
the main source, suggesting that these inclusions 
are chiefly those emulsified oxide or silicate products 
of (mainly) air oxidation which did not float out in 
either ladle or mold. 

On the other hand, the preliminary indications 
were that final steel cleanliness or various indexes 
of defects or “quality” had little or no relationship 
to the relative total amount of air oxidation in the 


ladle. The dirt left in the steel is hardly ever more 


than a very small percentage of the total amount 
formed by oxidation and occasional refractory ero- 
sion. It seems probable therefore that other, still 
unknown, factors are dominant in this general prob- 
lem, and that there is some critical factor which 
largely determines the degree of fineness or emulsi- 
fication in the liquid metal, of at least part of the 
large amount of oxidation products formed in all 
present steelmaking practices. We therefore merely 
_wish to indicate here the belief that the problem is 
essentially an unsolved one at this writing. It seems 
reasonable to conclude, however, that the air oxida- 
tion during tapping is one major, though probably 
not the decisive, factor in this general problem of 
steel cleanliness and quality. 


Discussion of Results and Conclusions: In addition 
B to its possible relationship with the control of steel 
2 quality in general, this oxidation effect appears to 
result in an extra cost of 20 to 50 cents per ton 
through alloy losses and is the main variable which 
limits our present degree of control of composition 
within specifications for any given grade of steel. 
Although the practical or complete elimination of 
the effect would be very desirable, this appears to 
be a very difficult problem, at least in quantity pro- 
duction, and any complex or expensive method of 
handling the steel out of the furnace would prob- 
ably not be justifiable. The main purpose here is to 
describe what happens and the main factors which 
appear to influence the amount of oxidation. More 
frequent piping of tap holes, or some new taphole 
and tapping practices, and some innovation, such as 
the tilting ladle which would limit the fall of tap 
stream in the air, appear to promise a marked re- 
- ~ duction in variability and are at least worth consid- 
eration. Any resultant lowering in manganese loss 
would be especially helpful under present condi- 
tions. ; 
The following conclusions summarize results to 
date: 
1. Although direct and conclusive evidence is not 
yet available, the writers believe that there is very 


as the main source of alloy loss in tapping and ladle 
- filling. The metal stream appears to react with an 
amount of oxygen equivalent to 20 to 30 or more 
volumes of air per volume of metal, forming 3 to 9 
lb per ton, or 0.4 to 1.0 pct by volume of oxides. 

2. Along with the oxidation, 0.001 to 0.002 pct of 
nitrogen is absorbed between tap stream and teem- 
ing stream. Rimming action seems to be increased 
in open steels due to a higher A[O] or excess of 
dissolved oxygen above carbon equilibrium in the 
teeming stream. 


good circumstantial evidence for reaction with air 


3. The mechanism of air oxidation appears to 
include not only the violent convection flow of air 
over the exposed liquid metal surfaces but also an 
actual carrying of air bubbles down into the liquid 


- metal pool in the ladle. Such entrainment of bubbles 


appears to occur at the instant of impact on the 
pool of waves or other irregularities in the metal 
stream surface. Turbulence and waviness in stream 
and impact velocity both tend to increase with dis- 
tance of free fall through the air. 

4. Results tend to indicate that because of the 
high activity of atmospheric oxygen, the resultant 
oxidation is independent of the time factor and 
speed of tap, since it is controlled in amount essen- 
tially by the turbulence and violence of tap and the 
degree of exposure and mixing with air. 

5. Also because of this strongly oxidizing effect 
of air, and the erratic mixing conditions in normal 
ladle filling and alloy additions, not only aluminum 
and silicon but also carbon, chromium, and man- 
ganese are oxidized, and the total amounts and the 
relative ratios between different alloy losses are 
variable and erratic between heats of one grade in 
the same shop practice. This variability (at least 4 
to 1 in total alloy loss) is the main factor rendering 
close control of composition difficult in present 
steelmaking practices. 

6. The most immediately practicable methods of 
limiting this effect would seem to be: (a) control 
of taphole contour and opening-up and tap-stream 
flow in general to give consistent smoothness of 
flow, and (b) decrease in distance of free fall 
through air from runner to ladle pool. There are 
promising indications that such conditions could 
result in a saving in manganese of somewhere be- 
tween 0.4 and 1.0 lb. per ton of steel. Since this 
should be accompanied by corresponding savings in 
silicon and chromium and would be independent of, 
and in addition to, any manganese savings in the 
furnace bath before tap, it would appear to be worth 
serious consideration. 
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Thermodynamic Relationships in Chlorine Metallurgy 


Equations representing the standard free energy of formation as 
a function of temperature, for thirty metallic chlorides, are pre- 


sented and plotted on a free-energy vs. temperature diagram. The 
use of these data for calculations on reduction of metallic chlorides, 


by Herbert H. Kellogg 


refining of metals with chlorine, and chlorination of metallic oxides 


and sulphides is illustrated. 


€@~HLORINE metallurgy’ has attracted metallur- 

gists for more than a century because the un- 
usual properties of the metallic chlorides—low melt- 
ing point, high volatility, and ease of formation from 
the oxides—make possible many useful extractive 
processes. Interest in chlorine processes is under- 
going a renaissance due to present availability of 
chlorine at relatively low prices, and to recent ad- 
vances in technology. 

During the present century there have accumu- 
lated a considerable number of reliable values of 
the thermodynamic constants for the metals and 
their chlorides. These data permit the calculation of 
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free-energy equations for many metallurgically im- 
portant reactions. Consideration of free-energy 
values makes possible certain predictions of the 
direction and extent of a given reaction, as well as 
the effect of temperature, pressure, and composition 
upon the result. Reaction rate, although not pre- 
dictable from free-energy data, is usually sufficiently 
great at elevated temperatures that diffusion of the 
reactants and products to and from the zone of re- 
action determines the actual rate. Thus, if the free- 
energy indication is favorable, the chances are good 
that a high temperature metallurgical reaction will 
proceed at a reasonable rate, if adequate provision 
for rapid diffusion has been made. 

This paper presents standard free-energy equa- 
tions for a number of metallic chlorides, based on 
data which are scattered throughout the literature. 
The equations are presented in a form that simpli- 
fies their use, and typical examples are given of the 
application of free-energy data to metallurgical 
processes. : : 

Free Energy of Reaction 

The free-energy change (AG) of a reaction is the 
true measure of the “driving force” of the reaction 
under a given set of conditions, and this is related to 
the standard free-energy change (AG°) of the re- 
action as follows: 


For the reaction: 
bB-+ cC=dD- eE 


a e 
AG = AG° +- RT In ee [1] 
where A, = activity of constituent (7) 
T = absolute temperature, °K 
R = gas constant 


The criterion of a spontaneous reaction from left to 
right, at constant temperature and pressure, is a 
negative value for the free-energy change (AG). 
The standard free energy of the reaction is equal to 
the free energy of the reaction when all the re- 
actants and products are at unit activity, since under 
these conditions the second term on the right-hand 
side of eq 1 is equal to zero. 

The concept of activity is treated fully in many 
textbooks on chemical thermodynamics’ and in a 
recent article by Chipman.’ Briefly, the activity (A:) 
of a constituent (1) is a measure of the reactivity 
of this constituent relative to its reactivity in some 
arbitrary standard state. For liquids and solids the 
standard state most often used is the pure liquid or 
solid constituent. Thus the activity of a pure liquid 
or solid in a metallurgical reaction is equal to unity. 
Gases under moderate pressure and at elevated 
temperatures behave very nearly as ‘ideal gases,’ 
and the standard state is chosen as the gas at 1 atm 
pressure. The activity of an ideal gas is therefore 
equal to its partial pressure, and this relation is 
sufficiently exact for real gases in most metallurgi- 
cal reactions. For a liquid or solid solution there is 
in general no simple way to express the activity of 
a constituent as a function of its concentration, and 
activity must be determined by experiment. -A few 
solutions follow a so-called ‘ideal’ behavior, and if 
the pure constituent is chosen as the standard state, 
the activity of a constituent in an ideal solution 
becomes equal to its mol fraction. 

When a reaction reaches a state of thermodynamic 
equilibrium at constant temperature and pressure, 
AG becomes equal to zero and eq 1 reduces to: 


As i. Avec 


aC: iS Eo = equilibrium [2] 
The brackets surrounding the activity term are used 
to emphasize that each of the activities is an ac- 
tivity under equilibrium conditions-—not just any 
arbitrarily assigned value. The bracketed term is 
the equilibrium constant.(K) of the reaction. Eq 2 
makes possible the calculation of equilibrium activi- 
ties for a given reaction, if AG° is known at the de- 
sired temperature. 

The standard free-energy equations presented in 
this paper were calculated from the fundamental 
thermodynamic values of enthalpy of formation at 
298°K (AH°,), standard entropy at 298°K Se) 
heat capacity as a function of temperature (Cp), 
and enthalpies of transition, fusion, vaporization, 
and sublimation for the various constituents. Where 
possible the data reported in the recent “Selected 
Values of Chemical Thermodynamic Properties,” 
published by the Bureau of Standards,*® were used. 
A large number of data came from the publications 
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of K. K. Kelley*“* and a few values of AH °, came 


* Kelley’s most recent revision of heat ca i 
: 1 pacity data® was re- 
ceived too late for use in the majority of the calculations. 


from Bichowsky and Rossini. The method of cal- 
culation of AG° from these data can be found in any 
textbook on chemical thermodynamics. 

In a few cases the standard entropy (S 98) OL the 
metallic chloride was not available in the literature, 
and rather than omit an important substance from 
consideration, the entropy was estimated by one of 
the empirical methods available. These estimated 
entropies are probably reliable to + 2 entropy units. 
The error introduced into the free-energy equations, 
as a result of the uncertainty in the entropy, is 
small at low temperature but becomes appreciable 


as the temperature is increased. In some cases the— 


heat-capacity data were estimated, but the error 
introduced into the free-energy equations by this 
procedure is by no means as serious as that from an 
inaccurate entropy value. Whenever data were esti- 
mated the resulting free-energy equations have 
been clearly designated as approximate. Some in- 
dication of the reliability of each equation will be 
found in the appendix where the equation for each 
of the lines on figs. 1 and 1A is given along with the 
sources of the data for each chloride. 

- Extreme accuracy is not claimed for any of the 
equations in this paper. Particularly at high tem- 
peratures the errors are probably large in some 
cases, and the values should be considered pro- 
visional. Only with the aid of much more experi- 
mental evidence on high temperature equilibrium, 
and by painstaking analysis of the data can the 
accuracy of the equations be increased. Maier” has 
performed such a service for the chromium chlo- 
rides, and as a result these equations are probably 
more reliable than most of the others reported in 
this paper. Despite the provisional character of 
many of the free-energy equations, their usefulness 
for preliminary calculations in development prob- 
lems and in the teaching and understanding of ex- 
tractive metallurgical processes is very great. 

One further limitation of the free-energy equa- 
tions should be pointed out. The thermodynamic 
constants for a great many chlorides of lower or 
higher valence state than the normal chlorides are 
not available, and these chlorides have been omitted 
from consideration. In many metallurgical proc- 
esses these other chlorides may play the predomi- 
nant role, and the free-energy equations reported in 

_this paper would be insufficient to predict their be- 
havior. A recent patent” affords an example of a 
process for refining aluminum which makes use of 
the normally unstable compound AICI. 


- Standard Free-energy vs. Temperature Diagram 


Hi. J. T. Ellingham” * has performed an important 
service for the literature on extractive metallurgy 
by his recent publications in which he has given the 
standard free energies of metallic oxides and sul- 

_ phides as functions of temperature and related these 
to practical problems in smelting and refining. The 
method of presentation of data used by Ellingham 
has been adopted in this paper. A brief discussion 
of the characteristics of a standard free-energy vs. 
temperature diagram follows: 

In figs. 1 and 1A, the standard free energies of 
formation of the metallic chlorides are plotted as 
functions of the Centigrade temperature. The basis 
of each equation is 1 g mol of chlorine, rather than 


the more usual 1 g mol of chloride. Thus the re- 
actions are written: 


2M + Cl, = 2 MCI 
Wiese Cl, ==) M'CE 
2/3, M’ + Cl, = 2/3 M’Cl, 


' The use of 1 g mol of chlorine as the basis for the 
equations makes possible the direct visual compari- 
son on figs. 1 and 1A of the relative ‘affinities’ of the 
metals for chlorine at any temperature. The farther 
down on the graph the chloride appears (the more 
negative is the value of AG°) the more stable is the 
chloride. At a given temperature, a metal is able 
to displace from their chlorides all other metals 
that appear above it on figs. 1 and 1A, provided all 
reactants and products are in their standard states 
(for the more practical problem, where the sub- 
stances are not in their standard states, this relation 
can be contradicted as will be explained later). The 
preceding statement is true because if one equation 
on the graph is_ subtracted from another, the 
chlorine will cancel out and the result will be a 
replacement reaction: 


(a) MeL = ck 
(dD) Me Cr = r'cl, 
(a)—(b)=(c) M +M’ClL= M’ + MCI, 


AG°, — AG°, STR AG 


If MCl, appears below M’Cl, on the graphs at a 
given temperature, then AG°, is a larger negative 
value than AG°,, and AG°, will also be negative. 
Since AG®, is. negative, reaction c will proceed 
spontaneously from left to right if all reactants and 
products are in their standard states, and M will 
displace M’ from M’Cl,. 

The curves on figs. 1 and 1A form a quantitative 
‘affinity series’ for the metallic chlorides that is valid 
for the temperature range 0° to 2000°C. The rela- 
tively unstable chlorides of the noble metals appear 
on the upper part of fig. 1, while the very stable 
chlorides of the alkali and alkaline earth metals are 
at the bottom of fig. 1A; the base-metal chlorides 
lie between these extremes. The fact that many of 
the curves cross each other indicates that the sta- 
bility of the chlorides, relative to each other, 
changes as the temperature increases. For this rea- 
son a single affinity series, valid at one temperature 
only, is of little use for metallurgical purposes. 

The standard free energy of a chemical reaction 
is related to the standard electrode potential of an 
electrolytic cell which embodies that reaction, as 
follows: 


AG? = —jnE°F [3] 
where: E° = standard electrode potential in volts 
F = Faraday constant, 96,500 coulombs 
per mol 
n == number of faradays per mol of re- 
action 
j} = conversion factor from joules to 


calories — 0.239 


It follows that the ordinate representing standard 
free energy can also represent the standard electrode 
potential (E°) if (nm) is constant for all of the re- 
actions. When the basis of the free-energy values is 
1 g mol of chlorine, (n) will have the constant value 
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2Cy +Ch, = Cu, Cl 
%B+Clp=%3BCk — 


a Ni +h = NiCh, —> 


Co #Clp = CoCl,—> 
BSi +Cle= Le SiClg7 


Fe +Ch=FeCh 
1,649" #Ce=Snlh —> 


Pb+Ch=P&Ch— 
Cd #Clp =CdCly 


LOW; sChy= bi 
Cr +Clp = CrCh—> 


Zn #Clo = ZnChp— 


Mn +Clp = MnClp ——7 \ Mg #Ch = Mg Ch 
Fig. 1—Standard free energies of formation for metal chlorides as a function of temperature. AG° between 
+5000 and —90,000 cal. 


of 2, and figs. 1 and 1A show the ordinate plotted composition voltage’ of an electrolytic cell that per- 
as E° as well as —AG°. It is therefore possible to forms one of the reactions listed. 
read directly from the figures the ‘reversible de- The standard free energy of a reaction is related 


864—JOURNAL OF METALS, JUNE: 1950, TRANSACTIONS: AIME, VOL. 188 


any 
AAllt)4Ch=75AlCs(9) 


2.2 | Be #Ch= BeCl, 100 


SV = 


Al*Cl = bAbCle~” 
wm A2r+Ch= BZrClq" “9 
| Mn +l = MnCl 
m 
& 
ot lo 


N 


“3J9VLIOA NOILISOdNOD30 37 


wot 


ro) 
JNIMOTHD 4O JIOW-WVY9 Yad S3IYONVSOT 


140 
Mg +Clp = MgCl 


3.2 
150 
3 30 
0.6 
Activity ae 
04 Valves 
( 0.2 ) 


Fig. 1A—Standard free energies of formation for metal chlorides as a function of temperature. AG° be- 
tween —90,000 and —160,000 cal. 


to the standard enthalpy of reaction (AH°) and the Since AH° and AS° change to a minor extent only 
~ standard entropy of reaction (AS°) as follows: with a change in temperature (provided the re- 
AG? = AH”? — TAS’°, constant temperature actants and products undergo no phase changes), 2 

7 and pressure [4] plot of —AG° versus T will result in lines which are 
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very nearly straight and having a slope of --AS = 
In figs. 1 and 1A, —-AG° is plotted downwards and 
the slope of the lines is —-AS°; a line that slopes 
upward from left to right has a positive slope but 
a negative AS°. The slight curvature noticeable in 
some of the lines reflects the small temperature de- 
pendence of AS°, which results from the differences 
in heat capacities of the products and reactants. 

At all phase-change temperatures (transition, 
fusion, vaporization, and sublimation) the entropy 
of the reaction changes abruptly by an amount equal 
to the entropy of the phase change, and the lines on 
figs. 1 and 1A show sudden ‘breaks’ at each such 
temperature. The entropy changes for vaporization 
and sublimation are usually much greater than for 
transition and fusion, and the lines have sharper 
breaks at the points of greater entropy change. 
When a substance appearing on the right-hand side 
of the equation (i.e., the metal chloride) undergoes 
a phase change upon increase in temperature, the 
entropy of the reaction becomes more positive (or 
less negative); the slope of the line, therefore, be- 
comes less when such a phase change occurs. A 
substance on the left-hand side of the equation (i.e., 
the metal or lower valence-state chloride) will have 
the reverse effect upon the entropy of the reaction 
when. it undergoes a similar phase change. The 
‘normal’ fusion, boiling, and sublimation tempera- 
tures for the chlorides are indicated on figs. 1 and 
1A by the symbols M, B, and S. The same phase 
changes for the metal (or lower valence-state- 
chloride) are denoted by M’, B’, and S’. T’ refers to 
the temperature of transition between two crystal- 
line forms of the metal. 

In most reactions of practical interest the prod- 
ucts and reactants are not in their standard states. 
In this case the driving force of the reaction is AG, 
rather than AG°, and appropriate values of the 
activities must be used in eq 1 to predict the spon- 
taneity of the reaction. If the activity values are 
known, the value of AG for the reaction can be 
found graphically by the use of the correction chart 
at the bottom of fig. 14. As an example of the use 
of this chart consider the following: 

The free energy (AG) of the reaction 


(a) 2 Ag(l) + Cl, = 2 AgCl (1) 
is desired at 1000°C, when Ag is in a metallic solu- 


tion at activity 1/1000, chlorine is a gas at 2 atm 
pressure, and AgCl is a pure liquid. From eq 1: 


(o) AG = aC? RTIn f 
(1/1000)? X 2 
(c) AG=AG° — RT In2+ 2 RT 1n 1000 


Each of the terms on the right-hand side of (c) can 
be evaluated from figs. 1 and 1A. Thus, at 1000°C: 


AG. ices = —35,500 cal 
RT In 2 aes 1,750 cal 
RT 1n1000 = — 17,480 cal 
(d) AGoxgor = —35,500 — 1,750 + 2(17,480) = 


| —2,290 cal 
Applications to Chlorine Metallurgy 


Hydrogen Reduction: If the curve for the standard 
free energy of a metallic chloride on fig. 1 lies above 
the curve for 

Hy; +- -Cl ==: 2HCl 
at a given temperature, the metallic chloride will be 
reduced to the metal by hydrogen, provided the 
substances are in their standard states. A metal 


whose chloride lies below the 2HC1 curve at a given 
temperature will be converted to the chloride by 
treatment with HCl (gas) under standard condi- 
tions. The curves for most of the chlorides slope 
upward from left to right and cross the 2HCI1 curve, - 
thus an increase in temperature makes the free 
energy of the hydrogen-reduction reactions more 
favorable. At 2000°C, AG° for the reaction 


MCl, + H, = M + 2HC1 


is negative for all the metallic chlorides on figs. 1 
and 1A except CrCl, ZnCl, MnCl, 2/3AI1C1,, 
1/2ZrCl,, MgCl,, CaCl., and 2NaCl (and probably 
BeCl,). 

It is not essential that the curve for the standard 
free energy of the chloride lie above the 2HC1 curve 
in order to effect the reduction of the chloride by 
hydrogen. If the chloride curve is not too far below 
the 2HCl curve, the free energy of the reduction 
reaction can be adjusted to a negative value by 
maintaining a large activity of hydrogen and a 
small activity of HCl. An example of such a case is 
the method of CrCl, reduction with hydrogen which 
was developed by Maier for the U. S. Bureau of 
Mines.” This process is operated at 800°C, and fig. 
1 shows that at this temperature: 


AG” se0°0 
(a) H,+Cl,=— 2HCl — 48,350 
(b) Cr(s) + Cl, = CrCl,(s) — 63,150 
(c) H.-+CrCl.(s) =Cr(s) + 2HCl |-++ 14,800 cal 


The partial pressures of the two gases required to 
make the reduction reaction spontaneous from left 
to right are found, in the limiting case, by solving 
for the equilibrium condition. From eq 2: 

A’aci ‘ Ac: 

Am -: Aecrcis 

The activities of Cr(s) and CrCl.(s) are unity, since 
these substances are present in their standard states. 
Paci 


Ho 


AG° =— RT ln 


RT In == — 14,800 cal at 800°C (1073°K) 


P’nei 
(d) log Pus 


If the total pressure in the reduction system is 1 
atm, then: 


(e) P= T= Pan Ps. 


If (d) and (e) are solved simultaneously, the re- 
sults are: 


=— 3.017 


Psa = 0.031 atm 
Ps, = 0.969 atm 


If the amount of HCl in the reducing gas is kept 
below 3.1 pct by supplying fresh, dry hydrogen and 
continuously removing the HCl which is formed, 
AG will be negative and the reduction reaction will 
proceed spontaneously. 


Reduction by Carbon and Methane: Carbon is one 
of the most useful reducing agents for metallic 
oxides but is useless as a reducing agent for chlo- 
rides. This conclusion is based on the position on 
fig. 1 of the free energy for the reaction 


1/2C + Cl. = 1/2 CCl, 
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which lies far above all the curves for the metallic 
chlorides except AuCl. Carbon has such a low 
affinity for chlorine that the standard free energy 
of formation of CCl, becomes equal to zero at 475°C, 
and CCl, will decompose into carbon and chlorine 
above this temperature. 

Methane has been reported as a practical reduc- 
ing agent for the metallic chlorides.“ However, 
the use of methane should be considered as an al- 
ternative (and perhaps cheap) method of effecting 
hydrogen reduction of the chlorides. Methane is 
unstable when heated much above 600°C and de- 
composes into hydrogen and carbon. The products 
of the methane reduction of metallic chlorides al- 
ways contain solid carbon—no carbon chlorides are 
formed. The hydrogen from the methane combines 


with chlorine from the metallic chloride to form 


HCl, as in ordinary hydrogen reduction. 
(a) 1/2CH.(g) + MCl,=M + 2HCl1+ 1/2C 


The standard free energy of formation of methane is 
given in table I. 


Table I. Standard Free Energy of Formation 
of Methane* 


1/2 C(s) + He = 1/2 CHa(g) 


°C AG° 
25 —6,070 
727 + 2,305 
1,027 +6,250 


* Values from “Selected Values’’. 


_The standard free energy for the methane reduc- 
tion reaction, (a), is obtained by subtracting AG° 
for the metal chloride (from fig. 1) and AG° for the 
formation of 1/2 CH, (from table I) from AG® for 
2HCl1 (from fig. 1). At those temperatures where 
AG®° for 1/2 CH, is negative, the reducing power of 
methane is less than that of pure hydrogen, while 
for positive values of AG°1/2-%: the reducing power 
of methane is a little greater than that of hydrogen. 
A disadvantage of the use of methane is that the 
reduced metal is contaminated with carbon. 


Electrolytic Reduction: The required free energy 
for the reduction of a metallic chloride may be sup- 
plied by electrolysis, instead of employing the free 
energy involved in the formation of HCl from H,. 
Eq 3 gives the relation between the variables in- 
volved. The use of electrical energy for reduction 
has one important advantage over chemical methods 
—the strength of the reducing action in electrolysis 
is unlimited, and even a very stable chloride like 
NaCl may be electrolyzed to produce sodium metal 
and chlorine gas, if a sufficiently large voltage is 
employed. For this reason electrolysis of the molten 
metallic chloride is the principal method for the 
production of the active metals” such as magnesium, 
sodium, calcium, lithium, and cerium. 

For the electrolysis of a pure molten chloride with 
the formation of chlorine at 1 atm pressure and the 
pure metal, figs. 1 and 1A give directly the ‘reversi- 
ble decomposition potential’ for the electrolysis at 
any temperature, since all substances are in their 
- standard states. If pure liquid PbCl, is electrolyzed 
at 500°C, fig. 1 indicates a reversible decomposition 
potential of 1.27 v. 

When the substances involved in an electrolysis 
are not in their standard states, appropriate activity 
corrections must be made in order to find the re- 


versible decomposition potential (E). E is related 
to E° by the relation: 


lag A; eA? 5 
nF n Are 4 Are [ ] 


where R = gas constant expressed as joules per °C 
per mol. : 

In most commercial methods for electrolysis of 
molten chlorides, the electrolyte is a solution of 
several chlorides—the additions serving the purpose 
of lowering the melting point and increasing the 
conductivity. In such a case the activity of the 
chloride undergoing electrolysis is less than unity 
and eq 5 must be used to calculate E. 

The actual cell voltage used for the commercial 
production of a metal is considerably higher than 
the reversible decomposition potential for several 
reasons. The internal resistance of the electrolytic 
cell causes a voltage drop which may be as much 
as 5 v in some cases. The electrode reactions may 
exhibit ‘overvoltage’ or ‘polarization’ which adds 
to the cell voltage. All of these effects are rate 
phenomena—they depend upon the current density 
of the electrolysis—and cannot be accounted for by 
studies of reaction equilibrium. 

In a molten solution of two chlorides, such as 
PbCl,-ZnCl,, electrolysis can be used to obtain a 
fractional separation of the two metals. The farther 
apart the curves for the two chlorides appear on 
figs. 1 and 1A, the more successful will be the sepa- 
ration. Drossback” was able to obtain close to 100 
pet recovery of lead (containing 0.1 pct Zn) from a 
PbCl.-ZnCl,-NaCl electrolyte at 540°C, by adjust- 
ing the cell voltage so that it did not exceed 1.6 v. 
The zine could subsequently be reduced by increas- 
ing the cell voltage after all the lead was deposited. 
The possibility of this separation is indicated from 
the curves on fig. 1. At 540°C: 


E°: for PbCl, = 1:25 v 
Be? for ZnCl, ==7 1259) v 


If activity corrections are neglected as a first ap- 
proximation, then lead should begin to deposit 
when the cell voltage reaches 1.25 v and pure zinc 
could not deposit until the cell voltage had been 
raised above 1.59 v (Drossback’s value of 1.6 v in- 
cludes the voltage drop across the internal re- 
sistance of his cell). For a more accurate analysis 
of the system the activities in the chloride melt 
would have to be taken into account. 


Reduction of Chlorides by Other Metals: Practical 
use of metal reducing agents for other metallic 
chlorides is at present the subject of many papers, 
investigations, and patents.*” Perhaps the most im- 
portant of these are the production of ductile ti- 
tanium and zirconium by the reduction of the 
respective tetrachlorides with magnesium metal. ™ 
The free-energy relations which indicate the possi- 
bility of these reactions are found on figs. 1 and 1A. 
The standard free-energy curve for MgCl, lies far 
below that for 1/2 TiCl, and 1/2 ZrCl,, hence the 
replacement reaction 

Mg? + 1/2 TiCl, = 1/2 Ti® + MgCl, 
should proceed readily. The position of the NaCl 
curve on fig. 1A indicates that sodium metal could 
also be used to reduce zirconium and titanium tetra- 
chlorides, and this reaction formed the basis for the 
production of titanium at one German plant during 
the recent war.” 


TRANSACTIONS AIME, VOL. 188, JUNE 1950, JOURNAL OF METALS—867 


Kroll” has suggested a number of processes for 
the refining of metal scrap and alloys, which in- 
volve reactions of the type: 


(a) Mn (as solid ferromanganese) + FeCl, (1) 
(or FeCl,) = MnCl,(l) + Fe(s) 


(b) Co (as alloy with Ni°) + NiCl,(l) = 
Ni(s) + CoCl,(1) 


These reactions are carried out with the alloy in the 
form of solid powder or turnings and a molten bath 
of chlorides (NaCl, KCl, etc., are usually added in 
order to reduce the melting point and the volatility 
of the other chlorides). The possibilities of these 
reactions are indicated by the curves on figs. 1 and 
1A. If the chloride of the metal to be removed from 
the alloy has a standard free energy which lies far 
below the standard free energy of the chloride used 
for purification (as is the case for the Mn-Fe sepa- 
ration in eq a), then the success of the process is 
very likely. However, the substances in such a re- 
action are not in their standard states, and an ac- 
curate prediction from thermodynamic data must 
consider the activities of each constituent. The 
activities of the chlorides are less than unity since 
they are constituents of a solution along with NaCl 
and/or KCl. The metals in the alloy will also be 
at less than unit activity if solid solutions or in- 
termetallic compounds are formed. 


Refining of Metals with Chlorine: If chlorine gas 
is bubbled through a molten alloy, the metallic 
constituent that forms the most stable chloride will 
react first, thus effecting a purification or refining 
of the alloy. Such a reaction is the basis of the 
Betterton process for dezincing of lead,” and many 
similar processes may be predicted from the curves 
on figs. 1 and 1A. The essential requirement for the 
success of the process is that the standard free- 
energy curve for the chloride of the metal to be 
removed should lie as far below that for the chloride 
of the other metal as possible. All of the substances 
in such a process are components of either the metal- 
lic or chloride solutions, and their activities will be 
less than unity. Accurate prediction from the 
thermodynamic data must take into account the 
activity of each constituent. 

As an example of the use of figs. 1 and 1A, the 
Betterton process will be analyzed, since the op- 
erating conditions and results are known and it is 
possible to estimate the activities of all substances 
present. Table II summarizes the operating condi- 
tions and results of the process. 


Table Ii. Betterton Process 


390°C 
about 0.6 pet Zn 
about 0.005 pet Zn 


about 2.5 pct Pb, remainder 
zine and chlorine. 


Operating temperature 
Analysis of lead to process 
Analysis of lead from process 


Analysis of chloride crust (after 
removing prills of lead) 


Zine reacts with chlorine gas according to the re- 
action: 


(a) Zn (liquid, dissolved in Pb) + Cl, = ZnCl,(1) 
AG*°, = — 76,640 cal at 390°C (from fig. 1) 


Since lead is present in the system a second reac- 
tion is possible: 


(bo) Pb(l) + CL= PbCL.(1) 


AG°, = — 61,550 cal at 390°C (obtained from 
fig. 1 by ex- 
tension of the 
curve, or from ~ 
eq 79 in the 
appendix). 


Only reaction (a) will proceed to a significant extent 
because any PbCl, formed by reaction (b) will react 
with zinc (as long as zinc is present in ‘the system) 
according to the reaction: 


(c) Zn (liquid, dissolved in Pb) + PbCl, (liquid, 
dissolved in ZnCl,) = Pb(l) + ZnCl, (1) 


Since reaction (c) = (a) — (bd): 
AG°, = —76,640 + 61,550 — —15,090 cal at 390°C. 


Reaction (c) controls the equilibrium between the 
metal and chloride phases. At the start of the 
process when the activity of the zinc in the lead is 
high, the amount of PbCl, that exists in the chloride 
phase is small. At the end of the process, considera- 
bly more PbCl, can exist in the chloride phase, since 
the activity of zinc in the lead has been reduced to 
a very low value. 

In order to check the thermodynamic prediction 
against the operating results, the expected residual 
zine in the lead will be calculated on the assump- 
tion that the metal and chloride phases reach 


equilibrium at the end of the process. Applying 
eq 2: 
App < Actes 
A ee 5 = — a Se 
(d) G 15,090 RT In Aas 


Activity of Pb: The final lead is 99.9-+ pct, hence 
Ap, = 1, is fully justified. 

Activity of ZnCl.: The final chloride phase has a 
mol fraction of ZnCl, — 0.983. Muromtsev and 
Nazarova™ have shown that ZnCl.-PbCl, solutions 
are ‘ideal’ with respect to ZnCl, when the mol frac- 
tion of ZnCl, is large. Therefore: 


Amoi, == mol fraction of ZnCl, — 0.983 


Activity of Zinc: Lumsden” has investigated 
activities in the lead-zine system and the use of his 
equations gives rise to: 


Aan — 29 Nan 


where N;, is the mol fraction of zinc in lead. This 
relation is approximately valid for very dilute solu- 
tions of zinc in lead at 390°C. 

Activity of PbCl,: The data of Muromtsev and 
Nazarova on the vapor pressure of ZnCl,-PbCl, 
solutions indicate some departure from ideality for 
the activity of PbCl, below mol-fraction 0.7. Rather 
than make an uncertain extrapolation of their data, 
it will be assumed that the system is ideal and that 
the activity of PbCl, is equal to its mol fraction 
(0.017). The error involved in this assumption is 
probably less than a factor of two. 

If the activity values are substituted in (d): 


(1) - (0.983) 


e)) 15;900 SRT tq oe) 
fe) "29 Naa (0.017) 


Solving for Nz: 
CN == 2 SC 0" 
pet Zn — 0.00066 


The theory predicts that at equilibrium, if the 
chloride phase contains 2.5 pct lead (0.017 mol- 
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fraction PbCl.), the residual zinc in the lead phase 
will be 0.00066 pct. Practice indicates a value of 
0.005 pet zinc in the lead. The error is not large and 
is, in fact, to be expected. When very little zinc 
remains in the lead, the attainment of equilibrium 
between the zinc dissolved in the lead and the PbCl, 
in the chloride phase will be a very slow process, 
and the reaction between lead and chlorine will 
proceed without equilibrium being established with 
zine. 


Chlorination of Metallic Oxides: Many metallic 
oxides can be converted to chlorides by heating 
with chlorine alone: 


(a) MO+Cl,= MCl, + 1/20, 


Systems where this reaction is possible can be pre- 


dicted by a combination of the data on figs. 1 and 1A 
with that reported by Ellingham™ “ for the metallic 
oxides. Reaction (a) is the sum of two partial re- 
actions: 


(b) M a Cl Mer AG°, 
(c) M+ 1/20, = MO AG°. 


(a)=(b)—(c) MO + Cl. = 
MCI, + 1/20, 


AG°, = AG°, — AG®, 


Table III gives values for AG°, at 500° and 1000°C 


for several metals. 


Table Ill. Chlorination of Oxides by Chlorine Alone* 


AG°*a 

No. Reaction (a) 500°C 1000°C 

1 AgoO + Cle = 2AgCl + 1/202 —46,200 

2 HgO + Cle = HgCle + 1/202 —31,800 

3 PbO + Cle = PbCle + 1/202 —24,100 | —25,000 

4 CdO + Cle = CdCle + 1/202 —21,200 | —22,700 

5 CuzO + Cle = Cue Cle + 1/202 —15,000 | —12,500 

6 MnO + Cle = MnCle + 1/202 —12,300 | — 9,900 

vi NiO + Cle = NiCle + 1/202 — 9,200 | — 6,400 

8 ZnO + Cle = ZnCle + 1/202 — 8,900 | —17,600 

9 SnO + Cle = SnCle + 1/202 — 8,500 —16,600 
10 FeO + Cle = FeCle + 1/202 — 7,600 | — 5,200 
11 MgO + Cle = MgCle + 1/202 + 4,000 + 6,200 
12 1/3Cr2Os + Cle = 2/3CrCls + 1/202 + 14,300 +18,600 
13 1/2TiOz + Cle = 1/2TiCl, + 1/202 +19,000 +15,900 
14 1/3Al20z + Cle = 2/3A1Clzs + 1/202 + 9,400 
15 1/2SiOz2 + Cle = 1/2SiCls + 1/202 +24,300 +21,400 


* AG°, for oxides was obtained from Ellingham’s!® graph. 
AG°, for chlorides was obtained from figs. 1 and 1A. Refer to these 
sources for the physical states of the oxides and chlorides at 500° 
and 1000°C. . 


AG°, for the chlorination of many of the metallic 


oxides in table III is negative, and these oxides can 


readily be converted to chlorides by treatment with 


chlorine. Maier” has reported the chlorination of 


ZnO and PbO in this manner. The chlorination re- 
actions for MgO, Cr.O,, TiO., Al,O,, and SiO, have 
positive values for AG°,, and the successful use of 


these reactions is doubtful. It is theoretically possi- 


ble to make these reactions spontaneous if the prod- 
ucts of the reaction are continuously removed as 
gases and kept at far less than unit activity. Maier” 
reports several attempts of this kind that showed a 
partial chlorination of Cr.O3. 

The chlorination of those metallic oxides which 
show a positive value of AG®, in table III can be 
effected by the use of chlorine gas and a reducing 
agent. Carbon, CO, and sulphur have been suggested 
and used as reducing agents for this purpose. The 
production of anhydrous magnesium chloride from 
MgO by treatment with chlorine and coke at 1000°C, 
was used by Basic Magnesium at Las Vegas during 


the recent war.” Titanium tetrachloride is produced 
for the Bureau of Mines titanium plant by a similar 
process.” 

The effectiveness of a given reducing agent in 
chlorination can be estimated by combination of the 
data of table III with the data of table IV, which 
lists AG® for the oxidation of several reducing 
agents. 


Table IV. Reducing Agents for Chlorination 


AG? 

No. Reaction 500°C 1000°C | 
1 C + 1/202 = Co* —43,100 —53,670 
2 1/2C + 1/202 = 1/2COs* —47/270 —47/340 
3 CO + 1/202 = COo* —51,430 —A1/000 
4 1/2S + 1/202 = 1/2SOc+ —36,500 —32,200 


* Values of AG° from Bureau of Standards, Selected Values.3 
yj Values of AG° read from Ellingham’s graphs.18 


Any one of the reactions in table IV may be com- 
bined with the desired reactions from table III to 
give the standard free energy of the chlorination 
reaction when a reducing agent is used. Thus for 
titanium: 


AG° 


500°C | 1000°C 


(Table III) 1/2TiO2(s) + Cle = 1/2TiCla(g) + 1/202] + 19,000 | + 15,900 
(Table IV) 1/2C(s) + 1/202 = 1/2CO2 —47,270 | —47,340 


1/2TiO2(s) + 1/2C(s) + Cle = 1/2TiCli(g) + 1/2CO2 —28,270 —31,440 


By use of a reducing agent with chlorine, AG° for 
the chlorination of any of the oxides in table III be- 
comes negative and the chlorination reaction is 
possible under standard conditions. 

HCl can be used to convert metallic oxides to 
chlorides according to the reaction: 


(d) MO-+ 2 HCl = MCl, + H.O(g) 


Combination of the data of figs. 1 and 1A with 
Ellingham’s values for the oxides” and the standard 
free energy of formation of H.O(g),° makes possible 
the calculation of AG°,;. Values of AG°, are reported 
in table V. The interpretation of these data is 
similar to that for the data of table III. 


Table V. Chlorination of Oxides with HCl(g)* 


AG°a 

No. Reaction 500°C 1000°C 
1 AgeO + 2HCl = 2AgCl + H20 (g) —47,800 
2 HgO + 2HCl = HgCle + H20 (g) —33,400 
3 PbO + 2HCl = PbCle + HzO (g) —25,700 |—18,400 
4 CdO + 2HCl = CdClz + H20 (g) —22,800 |—16,100 
5 CusO + 2HCl = CusCle + H2O (g) —16,600 |— 5,900 
6 MnO + 2HCl = MnCle + H20 (g) —13,900 |— 3,300 
YF / NiO + 2HCI = NiCle + H2O (g) —10,800 |}+ 200 
8 ZnO + 2HCl = ZnCle + H2O(g) —10,500 |—11,000 
9 SnO + 2HCl = SnCle + H2O0 (g) —10,100 |—10,000 


10 FeO + 2HCl = FeCle + H2O0 (g) 

11 MgO + 2HCl =MgClz + HeO (g) 

12 1/3Cr203 + 2HCl = 2/3CrCls + HO (g) 
13 1/2TiOs + 2HCl = 1/2TiCl. + HeO (g) 
14 1/3A1203 + 2HCl = 2/3AI1Cls + H2O(g) 
15 1/2SiOz + 2HCl = 1/2SiCl, + HzO (g) 


— 9,200 | + 1,400 
+ 2,400 | +12,800 
+12,700 | +25,200 
+17,400 | +22,500 

+16,000 
+22,700 | +28,000 


*AG° for MCle and 2HCI from figs. 1 and 1A; AG*° for MO from 
Ellingham!3; AG° for H2O(g) from Selected Values.’ Refer to 
figs. 1 and 1A, also Ellingham, for the physical states of the 
oxides and chlorides at 500° and 1000°C. 


Chlorination of Metallic Sulphides: Metallic sul- 
phides can be converted to chlorides by reaction 
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with Cl, or HCl in a neutral or reducing atmosphere, 
according to the reactions: 


(a) MS+CL=MCl, + 1/28, 
(b) MS-+ 2HCl= MCI, +H,S 


The standard free energy for either of these reac- 
tions can be calculated by combination of the data 
of figs. 1 and 1A with Ellingham’s” data on the 
metallic sulphides. 

AG°, is a large negative value (—15,000 to 
—45,000 cal) for the systems HgS-HgCl,, Ag.S- 
2AgCl, Cu.S-Cu.Cl., PbS-PbCl,, FeS-FeCl, CdsS- 
CdCl,, ZnS-ZnCl., and MnS-MnCl,. AG®, is a small 
positive or small negative value for the same sys- 
tems. Chlorination with HCl is far less energetic 
than chlorination with Cl, because the free energy 
of formation of H.S is small and the free energy of 
formation of 2HCl is large. 

Summary 

Equations representing the standard free energy 
of formation as a function of temperature, for a 
number of metallic chlorides, have been calculated 
and plotted on a free-energy vs. temperature dia- 


gram. The use and advantages of such a diagram 
have been discussed. The application of the free- 
energy data to a variety of chlorine processes of 
interest to extractive metallurgists has been illus- 
trated. 

Many other applications of the data given on figs. 
1 and 1A are possible, but these data do not exhaust 
the possibilities in chlorine metallurgy. Free-energy 
equations for many more metallic chlorides and 
more information on activities in metallic solutions 
and in chloride melts are necessary for a compre- 
hensive treatment of the subject. 
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Appendix 


For those who plan to use any of the standard 
free-energy values of figs. 1 and 1A, it may be 


Table VI. Summary of Free-energy Relationships for Formation of Metallic Chlorides 


AG® =a+0bT + cT’?+ dTlogT +e Ts “Kk 
No. Reaction a b cx103 da i e Range °K 
1 2Ag(s) + Cle(g) = 2AgCl(s) — 61,180 |- + 30.29 — 7.51 + 0.65 298-728 
2 2Ag(s) + Cle(g) = 2AgCl (1) — 56,420 | + 75.71 | + 1.78 —19.86 728-1,234 
3 2Ag (1) + Cle(g) = 2AgCl (1) — 57,050 | + 35.27 — 5.90 1,234-1,830 
4 2Ag (1) + Cla(g) = 2AgCl(g) + 49,380 | —101.01 + 18.03 1,830-2,273 
—0.34 x 105 
5 2/3A1(s) + Cle(g) = 1/3 AlsCle (s) —110,330 + 13.76 eat + 7.55 Ei ee 298-453.3 
6 2/3A1(s) + Cle(g) = 1/3AlCls(g) —100,410 | — .4.53 + 4.72 453.3-931.7 
7 2/3A1(l) + Cle(g) = 1/3Al2Cle (g) —102,030 — 3.47 + 4.95 931.7-§ 
8 2/3Al(l) + Cle(g) = 2/3A1Cls (g) 299.360. | ==-. 8104 | 4 1,43 + 2.28 931.7-2,273 
9 2/3As(s) + Cle(g) = 2/3AsCls (1) — 56,090 | + 80.64 —20.27 298-403 
10 2/3As(s) + Cle(g) = 2/3AsCls (g) 2 AT I200 |. A eOLTL aS 101 403-883 
i 1/6Ass(g) + Cle(g) = 2/3AsCis (g) — 52,500 | + 12.14 883-1,000 
12° 2Au(s) + Cle(g) = 2AuCl(s) — 16,800 | + 26.1 298-423 
13 2/3B(s) + Cle(g) = 2/3BCls(g) — 63,690 + 17.66 + 0.54 — 3.20 ee 298-2272 
14* Be(s) + Clo(g) = BeCla(s) —112,600 | + 39.6 298-405 
15+ 2/3Bi(s) + Cle(g) = 2/3BiCls(s) — 60,330 | + 815 | —15.885 $11.51 298-505 
16+ 2/3Bi(s) + Cle(g) = 2/3BiCls (1) — 61,250 + 84.53 —19.04 505-544.2 
177 2/3Bi(l) + Cle(g) = 2/3BiCls (1) — 62,650 + 83.10 —17.57 544.2-714 
187 2/3Bi(l) + Cle(g) = 2/3BiCls(g) — 44200 | — 6.03 + 461 714-1,600 
19 1/2C(s) + Cle(g) = 1/2CCh (1) — 18,560 | + 70.81 —14.6 298-349.9 
—0.292 5 
20 1/2C(s) + Cle(g) = 1/2CCli (9) — 12,870 | + 23.93 | + 0.935 | — 26 ee se 349.9-1,373 
21 Ca(a) + Cle(g) = CaCle(s) —191,510 | + 56.77 a 
B | 2G tek = ests AEs ers ae 
2(g) = CaCls —190,050 90.0 = > 
24 Ca (1) + Cle(g) = CaCle(1) ~ —192'580 | + ona 1836 Tiseel a0 
25 Ca(g) + Cle(g) = CaCle (1) —233,560 | +136.09 —24.91 1760-1873 
26+ Cd(s) + Cls(g) = CdCle(s) — 93,860 | + 53.28 | — 2.48 — 4.97 "985A 
27+ Cd (1) + Cle(g) = CdaCls(s) — 96,620 | + 79.90 : —13.42 4841 
287 Cd(l) + Cle(g) = CdCl (1) — 93,200 | + 90.86 —18.56 eee 
297 Cd(g) + Clo(g) = CdCle (1) —119,190 | +130.09 —23.28 1,040-1258 
30+ Cd(g) + Ch(g) = CdCle(g) = 77,190 | + 24.36 : 253-2973 
31y Co(s) + Cle(g) = CoCle(s) — 78,860 | + 59.05 + 0.385 — 8.45 2 3-1,000 
327 Co(s) + Cle(g) = CoCls (1) — 74,290 + 71.63 —14.04 1 epee 
33+ | Co(s) + Cl(g) = CoCle(g) — 31'910 | — 43.0 71249 eos ec 
34+ | Cod) + Cl(9) = CoCle(9) — 38/390 | — 27.4 + 8.75 eee 
35 Cr(s) + Cle(g) = CrCls(s) — 95,540 + 46.21 — 2.815 — 439 +0.26 x 10-8T3 ore 
eS Cr (3) ¢ Cle (9) = cee — 93,140 | +1141 — 4.08 —29.74 —0.33 x 10-8T3 1 Oas-1'ers 
r(s 2(g) = CrCls(g) ~ — 31,540 | + 050 | + 1. Sag = 575-2. 
Ba arch yeni) cece = 0200, | 4-t00s | at | as 40:33 x 10-073 "398-1 088 
, rCls(l) + Cle(g) = 2CrCls(s) — 75,000 | — 95.1 S17 : 1 
ay 2CrClo(1) + Cle(g) = 2CrCls (9) + 49,600 | —208.3 ee aT pene toebe ieee toga 
41 2CrClo(g) + Cle(g) = 2CrCls (9) += 73,600' 1° 419.0" | = 16 451 +£0.17 x 10-873 pene ees 
a 2Cu(s) + Cle(g) = CusCls(s) — 65,330 | + 38.76 | 4 1.74 — 3.78 aie eats 
at 2Cu(s) + Cle(g) = CusClo (1) — 65,590 | + 8631 | + 1.74 —20.35 oe 
441 | 2Cu(l) + Cle(g) = CusCle(1) — 68.170 | + 54.24 — 8.75 eseipren 
t 2Cu(l) + Cle(g) = CusCle(g) — 31,390 | — 72.03 +23.72 pee 
46 | Fe(s,avg.) + Cla(9) = FeCl(s) — 22,800 | +5790 | +059 | —991 | —tOSssxi ses 
47 Fe(s, avg.) + Cle(g) = FeCle(1) — 74,750 
48 Fe(s, avg.) + Cle(g) = FeCls(g) — 29.710 hs ele passe 950-1,299 
49 Fe (1) + Cle(g) = FeClo(g) — 35,240 | — 42.76 +10.36 1,299-1,808 
50 He(g) + Cle(g) = 2HCl1(g) — 43,690 475 — 0.155 + 3.46 1,808-2,273 
51 2Hg (1) + Cle(g) = HgeCle(s) — 64,350 + 66.6 — 7.945 298-2273 
52 Hg(l) + Cle(g) = HgClo(s) — 56,340 | + 67.32 —10.36 ge aE 
53 Hg (l) + Cle(g) = HgCle (1) — 54,530 | + 90.85 —20.15 298-550 
54 Hg (1) + Clo(g) = HgClo(g) — 34,670 | — 7.27 + 2.92 80-auT 
55 Hg(g) + Cle(g) = HgCle(g) — 49,360 + 24.93 : 577-629.7 
629.7-2,273 


§ (See ‘‘Sources”.) 


* Estimated entropy value used. Probable error +1000 cal at 500°K, +2000 cal at 1000°K, +4000 cal at 2000°K 


{ Estimated value for Cp used. Probable error less than +500 cal. 
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necessary to obtain more accurate values of AG° 
than can be read from the graphs. For this purpose 
table VI is included, which lists the empirical equa- 
tions relating AG° to T, for all of the lines on figs. 
1 and 1A. The equations are probably valid for one 
or two hundred degrees above and below the 
“range” indicated on table VI, except where specif- 
ically noted in the following section. 

In order that the reader may judge as to the re- 
liability of the standard free-energy values, the 
following section gives a brief reference to the data 
used in each calculation. 

Source of Thermodynamic Data 

1. AgCl: AH®°,, S°x; and for AH for fusion and 
vaporization from Selected Values.’ Cp values from 
Kelley.* ° 


2. AICls: S°s.s:, AH°, from Selected Values. Cp 


values from Kelley.* * AH for fusion and sublima- 
tion from Kelley.* * AG° vs. T for the dissociation, 
Al,Clon— 2 AlCl, from Treadwell and Terebesi.* 
AIC], is the predominant form of the gas molecule 


above melting point of Al, hence eq 8 takes prefer- 
ence over eq 7. 


3. AsCl,: AH®,, S°os, and AH for vaporization 
and sublimation from Selected Values.* Cp values 
from Kelley.* ° Not valid above 1000°K since As,(g) 
dissociates. 

#5, AuCligA “7; Ss. from Selected Walues: S°ss 
for AuCl estimated from Wenner’s graph®™ as 25.0 
entropy units. ACp was neglected. This equation is 
to be considered tentative. 

5. BCs: S°xxs and AH°, from Selected Values.° 
Cp values from Kelley.® 

6. BeCl,: AH°, from Bichowsky and Rossini.’ 
S°xs for Be(s) and Cl.(g) from Kelley.’ S°s. for 
BeCl,(s) estimated from Wenner’s graph,” as 16.0 
entropy units. ACp was neglected. This equation is 
to be considered tentative. 

Te sleles, WAH *;, So, and «AH “tor ~ fusion and 
vaporization from Selected Values.* Cp for BiCl, 
was estimated; Cp for other constituents from Kel- 
ley.* 

8.--€CL: AH®,; S*°.., AH for vaporization. from 
Selected Values.* Cp values from Kelley.’ 

9 CaCl,.: So as for: Cas): from Kelley ;’ (S° 5 for 
CaCl.(s) from Kelley and Moore;* S°.; for Cl, from 


Table VI (Continued). Summary of Free-energy Relationships for Formation of Metallic Chlorides 


AG° =a+ bT + cT’+ dTlogT +e d Dies, A 
No. Reaction ‘ a b | cx103 | d | e Range °K 
+0.30 x 105 
56 Mg(s) + Cle(g) = MgClo(s) —154,590 + 66.34 + 0.07 e907) poe 298-923 
+ 0.69 x 105 
57 Mg (1) + Cle(g) = MgCle{s) —156,310 + 60.26 | — 0.68 = 6:17 CE ESCs a 923-987 
: Mg (l) + Cle(g) =MgCle (1) —148,380 + 73.85 —13.59 987-1,380 
39 Me () + Cle () = MgCl (1) —184,140 + 116.74 —19.00 1,380-1,691 
60 Mg(g) + Cle(g) = MgCle(g) —134,470 + 12.74 + 4.12 inte oe. 1,691-2,273 
é x yo 
61 Mn (a) + Cle(g) = MnCls(s) —116,440 + 56.57 + 0.14 el Ae eS 298-923 
. —0.525 x 105 
62 Mn (a) + Cle(g) = MnCle(1) —110,170 + 79.53 + 1.71 —18.61 Sepa 923-1,000 
—0.34 x 105 
63 Mn (g) + Cle(g) = MnClz(1) —109,470 + 61.98 + 0.36 —12.55 = 1,000-1,374 
=e -1,410 
64 Mn (vy) + Cle(g) = MnCle(1) —107,430 + 43.56 7.00 1,374-1, 
65 Mn (A) + Cle(g) = MnCle(1) —107,740 + 43.22 — 6.82 Lose 
66 Mn (A) + Cle(g) = MnCl (g) — 64,310 — 59.36 +16.21 Rea 
67 Mn (1) + Cle(g) = MnCle(g) — 68,220 | — 54.81 4+15.59 ca 
68 2Na(s) + Cle(g) = 2NaCl(s) —197,510 + 64.18 + 1.44 — 7.55 298 ST 
69 2Na (1) + Cle(g) = 2NaCl(s) —197,660 | + 37.13 | — 3.92 + 3.91 ane 
70 2Na (1) + Clo(g) = 2NaCl (1) —189,000 + 91.77 —18.17 Los 
71 2Na(g) + Cle(g) = 2NaCl (1) —241,060 + 170.39 —29.47 Lae 
72 2Na(g) + Clo(g) = 2NaCl(g) —134,850 + 3.76 + 3.09 ae 
73 Ni(a) + Cle(g) = NiCle(s) — 76,680 + 64,13 + 1.92 —10.44 ces 
74 Ni(g) + Cle(g) = NiCle(s) — 76,140 + 47.40 | — 0.83 ae oa i oeorpaee 
15 Ni(f) + Cle(g) = NiCle(g) — 19,840 | — 35.91 + 7.9 80 ize 
76 Ni(l) + Cle(g) = NiCle(g) — 23,200 | — 37.62 + 9.10 ee 
77 Pb(s) + Cle(g) = PbCle(s) — 86,510 + 50.19 | — 2.885 — 4,22 Anas 
78 Pb (1) + Clo(g) = PbClo(s) — 87,480 + 45.8 — 3.895 — 1.84 ee 
79 Pb (1) + Cle(g) = PbCls (1) — 87,810 4114.79 ee ee 
80 Pb (1) + Clo(g) = PbCls(g) — 41,580 | — 19.26 anes ie 
81 Pb(g) + Clo(g) = PbCle(g) — 88,610 4+ 19.17 ae 023-228 
82 2/3Sb(s) + Cle(g) = 2/3SbCls (s) — 62,420 + 64.98 ae eae aa 
83 2/3Sb(s) + Cle(g) = 2/3SbCls (1) — 61,620 + 83.20 mugs. pa 
84 2/3Sb(s) + Clo(g) = 2/3SbCls (g) — 49,560 | — 2.25 + ae epee 
ae Pa gaa oe at de SoC = ge'se0 | 4 2093 ae 1,713-2.273 
86 2/3Sb(g) + Cle(g) = g — 86, 5 ber 
87 1/281 (s) + Cle(g) = 1/2SiCh (1) — 78,420 | + 70.00 —14.81 re 298-330.2 
i 0.2525 x 330.2-1,683 
88 1/2Si(s) + Cle(g) = 1/2SiCl (g) — 72,550 + 14.13 + 0.435 + 0.3455 - Ppa 
i 4,928 1,683-2,273 
89 1/2Si(l) + Cle(g) = 1/2SiCl (g) — 75,960 + 2.15 + 4. : 
90* an oe Cla(g) = Satie (s) — 84,630 + 56.97 | — 1.95 eueee ae eee 
g1* Sn(l) + Cle(g) = SnCle(s) — 87,290 + 79.37 use 151-520 
92*+ | Sn(1) + Cl (g) = SnCle (1) _ — 85,800 | + 94.76 ica 916 896-2,000 
93*¢ | Sn(1) + Cle(g) =SnCh(g)_ . — 55,480 | — 9.76 96.85 298-386 
94* SnCle(s) + Cle(g) = SnCl (1) — 50,170 + 98.58 pees apes 
95* SnClo(s) + Cle(g) = SnChi(g) See a arena pas oor ee 
96*7 | SnCle(l) + Cle(g) = SnCli(g) — 36,710 oy pene Lae 396-2.000 
97*+ SnCl2(g) + Cle(g) = SnCl (g) — 66,290 ae Bary oe 298-409 
98 1/2Ti(s) + Cle(g) = 1/2TiCUu()) — 91,880 + 76. : See 
acer As 409-2,000 
99 1/2Ti(s) + Cle(g) = 1/2TiCl:(g) — 83,830 + 9.60 + 0.565 + 1.13 = 
ie 298-548 
100 Zn(s) + Cle(g) = ZnCle(s) pera ervey oe lees erat Sol Dana 1 eae 
Se ee tint Gi ey = anche uy — o8's50 | 4 3556 | + 0555 | —18.72 692..7-1,029 
103+ | Zn(l) + Cle(g) = ZnCle(g) a reer 1'180-2'273 
104} Zn(g) + Cle(g) = ZnCle(g) ne ne : +0.755 x 105 298-604 
105 1/2Zr(s) + Cle(g) =1/2ZrCls(s) —117,050 + 72.55 + 1,065 —12.62 TEC Ray RENT 
—0.20 x 105 
ms 604-1,773 
106 1/2Zr(s) + Cle(g) = 1/2ZrCli(g) —100,810 + 11.14 + 1.065 0.12 T 
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Selected Values.* AH°, for CaCl, from Bichowsky 
and Rossini.’ AH for fusion vaporization and transi- 
tion from Kelley.® ** Cp values from Kelley.” * 


10. CdCl,: AH°,, S°xss, AH for fusion and vaporiz- 
ation from Selected Values.’ Cp of CdCl, was esti- 
mated; other Cp values from Kelley.” ° 


11. CoCl,: AH°;, S°xs, from Selected Values.’ AH 
for fusion and vaporization from Kelley.”* Cp for 
CoCl, was estimated; other Cp values from Kelley.’ 


12. CrCl,: Maier” gives AG° vs. T for reduction 
of CrCl, by H, and for vaporization of CrCl... These 
equations, combined with eq 50 from table VI were 
used to calculate eqs 35, 36, 37 of table VI. Maier’s 
equations are probably quite accurate from 1000° 
to 2000°C. 

13. CrCl,-CrCl,: Maier” gives AG° vs. T for re- 
action 38 of table VI, also for sublimation of CrCl,, 
and fusion and vaporization of CrCl,. Combination 
of these equations yields eqs 39, 40, and 41 of table 
VI. These equations are probably quite accurate 
from 1000 to 2000°C. 

145 °'Cu,Cl,: “AH? ;):S os and AH for-Tusion from 
Selected Values.* AH for vaporization of Cu.Cl, from 
Kelley.’ Cp for Cu.Cl, was estimated; other Cp val- 
ues from Kelley.* 


15. FeCl,: S°.s, AH°, and phase change data from 
Selected Values.* Cp values from Kelley,* except 
Cp for Fe (s, avg.) which was obtained from Basic 
Open Hearth Steelmaking.” 

16. HCl: AH°, from Bichowsky and Rossini.’ S°. 
and Cp from Kelley.*” Values of AG° agree with 
those reported in Selected Values® to + 0.05 pct. 

17. Hg.Cl,: AH°,, S°xs from Selected Values.* Cp 
from Kelley.* 

18. HgCl.: AH°,, S°xs and AH for fusion and 
vaporization from Selected Values,* except S°x¢c1. 
which is from Kelley.’ Cp values from Kelley.* ° 

19. MgCl: S°,,, for Mg,,, and Cl, from Kelley;’ 
S°..s for MgCl,(s) from Kelley and Moore.® AH°, from 
Shomate and Huffman.” AH for fusion and vaporiza- 
tion from Kelley.* * Cp values from Kelley.® 

20. MnCl,: S°s., AH°, and phase change data 
from Selected Values.’ Cp values from Kelley.” ° 

21. NaCl: AH°, from Bichowsky and Rossini.’° 
S°oxs, AH for fusion and vaporization, and Cp values 
from Kelley.*” 

22. NiCl,: AH°,, and S°xs from Selected Values.* 
AH for fusion and sublimation from Kelley.*° Cp 
values from Kelley.* 

232 PbCI;: “AH ~,;: Ss, and AH: “for fusion and 
' vaporization from Selected Values.? Cp values from 
Kelley.* ° 

24, SbCl;: AH®°,, S°.., and AH for fusion and 
vaporization from Selected Values.* Cp values from 
Kelley.* * 

25. SiC]; AH’;, °S°.., and» AH for fusion’ and 
vaporization from Selected Values,® Cp values from 
Kelley,* ° except Cp for liquid silicon which was 
estimated. 

26. (SnClL:: AH?;, S ss, and: AH for’ fusion and 
vaporization from Selected Values.’ S°.,, for SnCl, 


was estimated from Wenner’s graph” as 29.0 entropy - 


units. Cp for liquid and gaseous SnCl, was esti- 
mated; other Cp values from Kelley.* These equa- 
tions are to be considered tentative. 

27. SnCl.-SnCL: AH°,, S°o.s, and AH for vaporiz- 
ation and fusion from Selected Values.* S°.s. of SnCl, 


estimated as 29.0 entropy units (see paragraph 26). 
Cp for liquid and gaseous SnCl, was estimated; 
other Cp values from Kelley* * and Selected Values.” 
These equations are to be considered tentative. 


28. TiCl,: AH°, and S°n. from Selected Values.’ 
AH for vaporization and Cp values from Kelley.® ° 


99) ZnCl: “AH? Sean andy AM” for tusion and 
vaporization from Selected Values. Cp for ZnCl, 
liquid and gaseous, was estimated; other Cp data 
from Kelley.* 

30. ZrCl,: S°ns, AH°, and AH for sublimation 
from Selected Values.’ Cp values from Kelley.” * 
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A Survey of the Thermodynamics 


of 


Copper Smelting 


by R. Schuhmann, Jr. 


Available thermodynamic data applicable to copper smelting systems 
are collected and tabulated, and the important gaps are pointed out. A 
few examples are given of estimations which can be made from the ayail- 
able data. An experimental research program is proposed to supply the 
thermodynamic data that appear most essential to better quantitative 
understanding of the chemistry of copper smelting. The proposed program 
is designed also to shed specific light on the practical problems of slag 

losses and magnetite behavior. 


OPPER smelting, from flotation concentrates to 

blister copper, is conspicuous among the large 
scale chemical processes which are conducted with 
only relatively incomplete knowledge of the physical 
chemistry involved. For example, no common metal- 
lurgy text explains adequately why copper enters 
the matte phase while iron enters only to the extent 
that-sulphur is left over after satisfying the copper. 
Explaining this important phenomenon as a mani- 
festation of the greater affinity of sulphur for cop- 
per than for iron is unsound because the affinities 
of copper and iron for sulphur are about the same 
at smelting temperatures. As will be shown, other 
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affinities are really decisive in the relatively clear- 
cut separation of copper in the matte. 

In contrast, thermodynamic studies have con- 
tributed much to our understanding of copper re- 
fining, zinc oxide reduction, magnesium production, 
steelmaking, etc. For each of these processes, the 
important reactions are clearly recognized, and fair 
to good quantitative values of the free-energy 
changes and equilibrium constants are available. 
Such data have proved to be of constantly increas- 
ing practical value in process development and im- 
provement. 

Work in other fields has furnished much thermo- 
dynamic data applicable to copper smelting sys- 
tems. In fact, several promising starts have been 
made in applying such data to specific smelting 
problems. Kelley’ made an appraisal of the possi- 
bilities of recovering elementary sulphur from low 
grade matte. His calculations and compilations of 
thermodynamic data have represented the starting 
point for much of the work in this field, including 
the present survey. Huang and Hayward’ and Aksoy* 
used thermodynamic methods in the study of cop- 
per losses in reverberatory slags. Peretti* used ther- 
modynamic data in explaining the chemistry of 


converting. The recent publications of Darken and 
Gurry”* and of Darken,’ dealing with the iron- 
oxygen and iron-silicon-oxygen systems, respec- 
tively, present equilibrium data that are applicable 
to copper smelting systems. Also additional data 
were reported recently on the affinity of sulphur for 
copper, manganese, and iron® and on the sulphur 
pressures of iron-sulphur melts.” 

The survey presented in this paper was made as 
the basis for planning an experimental program on 
the thermodynamics of copper smelting. Few re- 
searches on the chemistry of copper smelting have 
been reported in recent years, so that a reappraisal 
and coordination of old and new data are essential 
if further work is to take the directions of maximum 
value. The experimental program is now in prog- 
ress, and the plan of attack is outlined at the end of 
this paper. 


Progressive Oxidation and Desulphurization of 
Copper-bearing Liquid Phases: The chemical activi- 
ties of sulphur and oxygen are two of the most 
important thermodynamic yardsticks to be applied 
to copper smelting processes. Virtually the entire 
smelting and refining sequence involves a series of 
systems characterized by decreasing sulphur activity 
and increasing oxygen activity. In this section, 
therefore, an attempt is made to define and explain 
these activities in terms of equilibrium partial pres- 
sures of SO., S., and O.. Also, estimates of these 
quantities are presented, the estimates being based 
largely on calculations presented in a later section 
of this paper. 

The sequence of steps from raw flotation con- 
centrate to fully oxidized copper ready for poling 
involves progressive and controlled oxidation. Iron 
is oxidized and enters the slag. Sulphur is oxidized 
and leaves in the gas. Table I summarizes several 
important features of this oxidation and desulphur- 
ization sequence, starting at the beginning of the 
matte blow in the converter. The top line gives in 
order the principal smelting and refining stages up 
to fully oxidized copper, plus the additional step, 
not used commercially, of oxidizing all the way to 
Cu,O. In the second line are shown the principal 
copper-bearing liquid phases which characterize the 
process. Through most of the sequence the copper 
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Fig. 1—Estimated equilibrium pressures of SO., S., 
and O, at 1300°C for converting copper matte and 
subsequent oxidation of blister to Cu,O. 


is concentrated in one phase at a time, but for part 
of the white metal-to-blister blow two high-copper 
phases are present and again during oxidation to 
Cu.0 two high-copper phases are present simulta- 
neously. The next two lines summarize the stoichio- 
metry of oxidation and desulphurization, empha- 
sizing the fact that from a purely stoichiometric 
point of view the bulk of the oxidation and de- 
sulphurization is in the earlier stages. In the last 
three lines of table I and in fig. 1 are given estimates 
of equilibrium pressures of SO., S., and O, at the 
various stages of the sequence. These estimated 
equilibrium pressures, discussed in more detail 
- below, are significant as thermodynamic measures 
of the extent of oxidation and desulphurization; 
that is, they are measures of the chemical activities 
of oxygen, sulphur, and sulphur dioxide. 


The equilibrium pressures of SO., S., and O2 at a 
given stage may be defined as the partial pressures 
of these gases in a gas phase that would be in 
equilibrium with an instantaneous, representative 
sample of the reacting system withdrawn to a sepa- 
rate container at the same temperature and total 
pressure and held until equilibrium is reached. In 
the copper converter these are the partial pressures 
that would prevail in the gas phase if the blowing 
were stopped, the converter closed and vented at 
one atmosphere, and held at constant temperature 
until equilibrium was reached. By definition, these 
pressures cannot be measured directly in the system 
while reactions are in progress since the fact that 
reactions are occurring is prima facie evidence of 
lack of equilibrium. The distinction between equili- 
brium conditions and actual process conditions is 
characteristic of the application of thermodynamics 
to chemical processes in general, and underlines the © 
fact that equilibrium data describe only limiting 
conditions within which the process must operate. 
Furthermore, it should be clearly understood that 
equilibrium partial pressures and other equilibrium 
data to be considered subsequently do not constitute 
a basis for choosing between different reaction mech- 
anisms. Thus, we can talk about equilibrium ps,, for 
example, even though S, molecules might be of 
minor or of no importance as reactants when re- 
action mechanisms are considered. 

During converting, SO, is evolved rapidly at 
actual partial pressures which are substantial frac- 
tions of 1 atm. If blowing were stopped instantane- 
ously, we would expect at that instant the presence 
within the converter of some copper oxide, for ex- 
ample, which would continue reacting with sul- 
phides to give additional evolution of SO, for a short 
time after blowing stopped. If the converter were 
vented at 1 atm, the SO.-producing reactions would 
stop when the reactants had been consumed to the 
point that they were in equilibrium with SO, at 1 


Table I. Oxidation and Desulphurization of Copper-bearing Liquid Phases 


LIQUID PHASES 


Converting Refining Overoxidation 
eee ee 
Stage of Low grade White Blister Oxygen-saturated _» Cuprous 
process matte metal copper copper oxide 
Copper-bearing Liquid sulphide 
phases <a 
Liquid metal 
> 
Liquid oxide 
Cumulative oxygen 
consumption, mols 
Oz per mol Cu 0 2 2.25 2.5 2.75 2.9 3.0 
Residual Sulphur, 
mols S per mol 
Cu 2 0.67 0.5 0.25 0.0 (Residual S stoichiometri- 
cally negligible, but not 
nil) 
Estimated equilib- 
rium partial pressures 
at 1300°C, in atmos- 
pheres 
SOz 1 1 1 10-8 
O2 2.7x10-8 5.2x10-8 3.4x10-6 4.7x10-5 
Se 4.5x10-2. 10-2 2.7x10-8 1.4x10-4 


SE 


Notes: 1. The stoichiometric data are for illustrative purposes only, and were 
assumption that the matte originally consisted of 25 mak peo CueS re ee ee pee 
Oxygen consumptions are theoretical quantities to oxidize Fe to FeO and S to SO2 : 
2. Calculations of ps, and po, are presented in the section on “Sample Calculations and Appli- 


cations of Thermodynamic Data.’ 


874—JOURNAL OF METALS, JUNE 1950, TRANSACTIONS AIME, VOL. 188 


Fig. 2— Equilibrium diagram of 
system FeO-SiO,, calculating all 
iron oxides in liquid to FeO. 


Upper figure gives actual amounts of 
Fe2O3 in liquid at liquidus 
temperature. 

(Bowen and Schairer1) 


SIG 70 


atm. On this basis, then, the equilibrium value of 
_Pso. for converting is estimated at 1 atm. Another 
way of making the estimate is to consider equilib- 
rium as the limiting condition of operating the 
converter so slowly that each mol of oxygen 
added is allowed to react and reach equilibrium be- 
fore the next one is blown in. In such equilibrium 
operation, we know the SO, would be produced at 
pressures of 0.21 atm and greater (for bubbles 
formed deep in the melt). Accordingly, an equilib- 
rium Pso, of 1 atm appears of the proper order of 
magnitude for the converting process, and is so esti- 
mated in table I and fig. 1. 5 

The oxidation procedure in fire refining must give 
equilibrium sulphur dioxide pressures some orders 
of magnitude below 1 atm. Phillips” has analyzed 
carefully the sulphur-oxygen and other equilibria 
in liquid copper and has suggested that the sulphur 
dioxide equilibrium pressure at the end of refining 
might approach the actual partial pressure in the 
atmosphere of the refining furnace. He has calcu- 
lated that this might be from 0.05 to 0.9 mm mer- 
cury for various fuels or in the range of 10~ to 10~ 
atm. These estimates are reflected in the dip of the 
Psoo curve at the right of fig. 1. 

Equilibrium pressures of S, and O, cannot be esti- 
mated directly from process characteristics, as was 
done with SO., but must be estimated indirectly. 
The equilibrium pressures of SO, and O, at a given 
temperature are related by the equilibrium constant 
at that temperature for the reaction, 


% S.(g) + O.(g) = SO.(g) [1] 
which is 
Psoz ° 
2 SS lt} 10° at 1300°C* 
Ps.” Pos x : 


eerie eae en eee ee 
* Equilibrium constants and sources are discussed in more detail © 


later. 


Thus, if the estimates of Pso. given above are ac- 
cepted, a determination of ps. automatically permits 
calculation of Po. or a determination of Po, permits 
calculation of ps.. The data for ps, and Po, in table 
I and fig. 1 are based on the so, estimates, on cK 
and on thermodynamic data for Cu, Fe, S, and O 
reactions to be presented in detail later. It is be- 
lieved that the estimates of equilibrium pressures 


2 Liguids 


Cristobalite and siguid 


Trigyrutle and liguid 


Triaymite and faya/ite 


20 3O 40 50 60 FeSiQ, 99 90 
WEIGHT PER CENT FeO 


are correct within one order of magnitude (within 
a factor of 10). 

Conditions in reverberatory smelting are un- 
doubtedly less oxidizing (lower po.) than in con- 
verting; also formation and evolution of SO, are 
usually secondary so that pPso, must be somewhat 
lower than 1 atm. Probably so,, Ps, and Po. vary 
considerably from one reverberatory furnace to 
another depending on the stoichiometry of the 
charge, and these variations will be related to mag- 
netite buildup (or digestion), slag losses, and other 
operating features. However, on the basis of in- 
formation now available on the chemistry of matte 
smelting, even an order-of-magnitude estimate of 
these equilibrium partial pressures hardly seems 
justified. 


Iron Silicate Slags: Iron oxides and silica are the 
major constituents of most copper smelting slags, 
while lime, alumina, magnesia, etc., usually are 
each well under 10 pct. Hence, a first thermody- 
namic study might well be based on a simple iron 
silicate system. This idealized slag system has three 
components, Fe, O, and SiO,.* As will be shown, 

* Choice of the components is partly a matter of convenience; 
we can specify iron silicate slags in terms of FeO, FesO3, and SiOs; 
FeO, Fe304, and SiOz; FeO, O and SiOe; or Fe, O, Si if desired. 
looking upon the slag as a binary system (FeO-SiO,) 
is a misleading oversimplification because the Fe to 
O relation is one of the most significant chemical 
properties of the slag. 

Constitution Diagrams: Although the Fe-O-SiO, 
ternary system has not been worked out in detail, 
many of its important features can be distinguished 
by study of Bowen and Schairer’s* FeO-SiO, dia- 
gram, Darken and Gurry’s’ Fe-O diagram, and 
Darken’s’ oxygen-pressure vs. constitution data for 
the Fe-O-SiO, system. 

Fig. 2, from Bowen and Schairer, represents the 
system of iron oxide and silica in equilibrium with 
metallic iron. Even for slags in contact with iron 


re) 


Nye 


fying Si as SiO.), is not unity as it would be by the 
formula FeO, but is always greater than unity as 
Bowen and Schairer’s data in the upper portion of 


metal, the atomic ratio of O to Fe, (after satis- 
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fig. 2 show. The slag region is bounded by melt 
compositions in equilibrium with a separate silica 
phase on the left, by melts containing no silica on 
the right, and at lower temperatures, by composi- 
tions in equilibrium with fayalite (2FeO, SiO,) and 
with wiustite (FeO,). This diagram shows the con- 
stitution only of the series of iron silicate slags 
which, for a given percent SiO., are in the lowest 
state of oxidation. However, as will be shown, there 
are good grounds for believing that copper smelting 
slags contain more oxygen (more Fe.O;) and repre- 
sent a much higher state of oxidation than Bowen 
and Schairer’s slags. For example, fig. 2 gives no 
hint of slag compositions in equilibrium with solid 
magnetite which are at the other end of the oxida- 
tion scale from slags in equilibrium with solid iron. 

By a careful application of the Phase Rule to 
oxygen-pressure data in the Fe-O-Si system, 
Darken developed the temperature vs. oxygen- 
pressure diagram given in fig. 3 (using the experi- 
mentally convenient CO./CO ratio as a measure of 
oxygen pressure). Darken’s work represents an im- 
portant step in the understanding of the ternary 
system, since for the first time the relative positions 
of the fixed points, univariant curves, etc., are made 
clear. There remains, of course, much more experi- 
mental work to be done before a quantitative model 
can be made of the ternary constitution diagram. 

The information summarized in figs. 2 and 3 and 
in Darken and Gurry’s’ Fe-O diagram makes possi- 
ble the construction of a ternary temperature- 
composition diagram which can be regarded as 
qualitatively correct. Though void of quantitative 
significance in several important regions, such a dia- 
gram has been constructed by P. J. Ensio and the 
author and has proved very helpful in the study of 
iron silicate slags. An isothermal section at 1300°C 
is shown in fig. 4. 

Referring to fig. 4, the homogeneous slag region 
is bounded by the following curves: 

1. Curve AB, melts in equilibrium with solid Fe. 
Position of curve established by Bowen and Schairer. 

2. Curve BC, melts in equilibrium with wistite. 
Composition for point B established. Existence of 


Log fx 
9 Pa/pe 


Temperature, °C. 
Fig. 3—Relations between gas composition and 
temperature for univariant equilibria of system 


Fe-Si-O (Darkenz) 

a. Hematite, silica, melt g. Magnetite, wiistite, fayalite 
b. Hematite, magnetite, silica h. Wiistite, fayalite, melt 
b.’ Hematite, magnetite, melt i. Magnetite, wiistite, melt 
c. Magnetite, silica, melt j. Metal, fayalite, melt 
d. Fayalite, silica, melt k. Wiistite, metal, melt 
e. Magnetite, fayalite, melt l. Wiistite, fayalite, metal 
f. Magnetite, fayalite, silica m. Metal, silica, melt 

n. Metal, fayalite, silica 


curve BC and point C shown by Darken, but loca- 
tions unknown. 

3. Curve CD, melts in equilibrium with mag- 
netite. Existence of points C and D and of con- 
necting curve shown by Darken, who indicated also . 
that at higher temperatures point D probably is 
near the straight line connecting Fe,O, and SiO. 

4. Curve DA, melts in equilibrium with silica. 
Only point A is quantitatively established. 

Small percentages of lime, alumina, other oxides, 
and of dissolved sulphides in actual slags will 
modify the picture to some extent, but these effects 
can be studied best after a clear picture of the con- 
stitution of the simpler FeO-Fe.,O,-SiO, melts is ob- 
tained. Qualitatively, converter slags are relatively 
low in SiO, and saturated or nearly saturated with 
Fe,O,; hence, in terms of fig. 4 their compositions 
should fall near curve CD and well to the right of 
point D. Reverberatory slags, on the other hand, 
probably will be well below Fe,O, saturation in most 
cases and perhaps not too far from the middle of 
SiO.-saturation curve AD. Though the facts are not 
yet available, it appears doubtful that any copper 
smelting slags would approach saturation with solid 
iron or compositions along AB. 

Clearly, quantitative experimental determination 
of the ternary constitution diagram at smelting 
temperatures is among the first steps to be taken 
toward the understanding of copper smelting slags. 
Such an investigation is in progress in the M.I.T. 
process metallurgy laboratory, using the techniques 
of quenching and microscopic examination already 
successfully used by Bowen and Schairer™ in estab- 
lishing the constitution diagram given in fig. 2. 

Oxygen Pressure of Iron Silicate Slags: Earlier in 
this paper the equilibrium oxygen pressure was 
pointed out as one of the thermodynamic variables 
in the copper smelting system. The magnitude of 
the oxygen pressure is closely related to slag com- 
position, and in straight iron silicate slags is fixed 


ratio 


when the temperature, percent silica and 
Fe 


are specified.* The fact that the iron in the slag 


* This follows from the Phase Rule, which shows that a two- 
phase (gas and slag), three-component (Fe, O, SiOz) system is com- 
pletely determined by specifying the values of three independent 
variables. 
can be present in varying degrees of oxidation 
means not only that the oxygen pressure of the slag 
can vary between wide limits, as will be shown, but 
also that the slag can serve as an important oxygen 
carrier in the system, releasing large quantities to 
reducing agents and absorbing large quantities from 
oxidizing agents. Thus, control of slag composition 
is an important means of control of oxygen pressure. 

Oxygen pressure (Po.) is quantitatively related 
to the activities of Fe, FeO, Fe,O, in the slag by 
means of the equilibrium constants for reactions 2 
and 3 below. 


Fe -+ % O, = FeO [2] 
3FeO + 1% O, = Fe,O, [3] 


The equilibrium constants k, and k, are known ac- 
curately at smelting temperatures from the data of 
Darken and Gurry’ ° if the activities of iron and its 
oxides are defined in terms of standard states in the 
Fe-O system. Accordingly, let us adopt the follow- 
ing standard states for all subsequent calculations: 


Geely) —-1 for solid y iron 
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HEMATITE + 
MAGNETITE + 
TRIOY RITE 
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Fig. 4—Semiquantitative equilibrium diagram of 
system Fe,O,-FeO-SiO.. 
Isothermal section at 1300°C. 


Grey = 1 for the pure iron oxide melt in 
equilibrium with solid iron 
» Grego, == 1 for pure solid Fe,O, 


At 1300°C, calculations based on Darken and Gurry’s 
data give: 
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Darken’s oxygen-pressure data in fig. 3 include 

estimates of oxygen pressure for slags in equilibrium 
with both magnetite and silica (curve c), and for 
slags in equilibrium with metallic iron and silica 
(curve m). Combination of these estimates with 
the equations for k, and k; above and with Darken 
and Gurry’s data for Po. and Gy.o in wistite’ leads 
to the oxygen-pressure diagram in fig. 5, which is 
calculated for 1300°C to correspond to the ternary 
diagram in fig. 4. The closed melt area in fig. 5 
corresponds to the melt area in fig. 4. Also the 
boundaries correspond, and for every point repre- 
senting melt composition in fig. 4 there is a corre- 
sponding point within the closed area in fig. 5 
representing the values of oxygen pressure and Greo 
for that slag composition. Unlike fig. 4, however, 
the positions of the boundary lines and curves of 
the melt field in fig. 5 are known quantitatively (ex- 
cept for the shape of the dotted curve). 
- The outstanding feature of the iron silicate slags 
brought out by fig. 5 is the tremendous variation in 
oxygen pressure which can be brought about by 
changing the composition from slags in equilibrium 
with metallic iron to slags in equilibrium with mag- 
netite. The maximum oxygen pressure, 2 X< 10° 
atm (equivalent in oxidizing power to a gas with 
CO,:CO = 100:1), is for melts in contact with both 
magnetite and silica (point D), and the minimum, 
3 < 10 atm (CO,:CO about 0.1:1), is for melts in 
contact with both silica and iron (point A), giving 
a range of variation in Po, of about 10°-fold between 
the extremes. These limiting data emphasize the 
need for quantitative study of the relation of slag 
composition to oxygen pressure over the whole 
range of melt compositions. . 

Copper-Iron-Sulphur Melts: Constitution Dia- 
grams: Fairly complete constitution data are avail- 


able for the Cu-Fe-S system at smelting tempera- 
tures, showing at least approximately the freezing 
points and composition ranges of the liquid mattes. 
The available binary diagrams cover the systems 
Cu-S,” Fe-S,” Cu,S-FeS,* and Cu-Fe. The portion 
of the Cu-Fe-S ternary diagram in which the liquid 
mattes fall was investigated by Reuleaux,“ from 
whose work fig. 6 is taken. 

The fact that commercial copper mattes tend to 
be deficient in sulphur compared with mixtures of 
Cu.S and FeS has been pointed out frequently in 
the literature. This deficiency is clearly related to 
the fact that as the S content approaches sto- 
ichiometric equivalence to the Cu and Fe, the 
partial pressure of sulphur gas from the melt be- 
comes a substantial fraction of an atmosphere.® 
Accordingly, unless the matte is enclosed under 
pressure or given a protective atmosphere of sul- 
phur, sulphur will escape until the sulphur pres- 
sure is reduced to a low value. In the ternary 
diagram in fig. 6, then, the matte compositions of 
practical importance lie to the left of the straight 
line connecting Cu.S and FeS. The prominent fea- 
ture of the left-hand portion of the diagram is the 
miscibility gap or two-phase field extending at 
smelting temperatures from the Cu-S edge nearly 
to the Fe-S edge.* Thus, the compositions of or- 

* Reuleaux’s experiments gave the boundary curve of the two- 


phase field at temperatures just above freezing. At higher tempera- 
tures this field will decrease in area. 
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Fig. 5—Activities of FeO and O, in iron silicate 
melts at 1300°C. 
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dinary copper mattes will fall in the narrow, 
roughly triangular region bounded by (1) the Cu.S- 
FeS join, and (2) the high-sulphur boundary curve 
of the miscibility gap. The shape of the miscibility 
gap in fig. 6 indicates that high-iron mattes can be 
obtained with greater stoichiometric deficiencies of 
sulphur (compared to Cu,S-FeS mixtures) than 
high-copper mattes. 

Since a given quantity of Cu and Fe in a matte 
can combine with a variable quantity of sulphur, it 
follows that mattes can serve as sulphur carriers in 
the same way as the iron silicate slags of variable 


No : ; : 
serve as oxygen carriers. That is, a given matte 


Fe 


can take up relatively large quantities of sulphur 
from a source of higher sulphur pressure or give up 
relatively large quantities of sulphur to a system 
of lower sulphur pressure. 


Sulphur Pressures of Mattes: For liquid mattes 
consisting of Cu, Fe, and S the equilibrium sulphur 
pressure will vary both with composition and with 
temperature. No sulphur-pressure measurements 
have yet been reported on ternary Cu-Fe-S melts 
within the liquid-matte field of fig. 6 to the left of 
the Cu,S-FeS join. However, Cox, Bachelder, 
Nachtrieb, and Skapski® recently determined ps, for 
melts very close to Cu.S in composition at tempera- 
tures up to about 1250°C. Also, Maurer, Hammer, 
and Mobius’ have determined ps, for Fe-S melts 


Hi 
/ 


over a wide composition range (0-36.5 pct S). 
These two sets of data give equilibrium values of 
ps. for the reactions: 


2Cu+ %S.(g) > Cu.S(1) [4] 
Fe + %8.(9) > FeS (1) Loy 


Unfortunately, however, the data for Ps, at various 
melt compositions do not permit calculation of 
equilibrium constants for reactions 4 and 5 since 
the activities of Cu and Fe in these melts are not 
known quantitatively and in liquid Cu.S and FeS 
are probably an order of magnitude or so below 
unity if pure liquid Cu and solid Fe are taken as 
standard states of unit activity. 

For the subsequent calculations in this paper, 
equilibrium constants for reactions 4 and 5 will be 
based on Kelley’s extrapolations of lower tempera- 
ture equilibrium data for reactions of the solid 
sulphides. Since Kelley’s publication, additional ex- 
perimental data on reactions of the solid sulphides 
have been published.* ° However, extrapolations of 
these new data to liquid-matte temperatures lead to 
equilibrium constants close to those calculated from 
Kelley’s equation, so that revision does not seem 
justified pending completion of more experimental 
work at high temperatures. Kelley’s data lead to 
the following values for the equilibrium constants 
at 1300°C: 


Acuss) 
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Fig. 6—Constitution diagram for 
portion of Cu-Fe-S system. 


(Reuleauz4) 


Contour lines show liquidus 
temperatures. 
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In these constants the standard states for the sul- 
phides are the pure liquids, and for Cu and Fe are 
the pure liquid and solid metals, respectively. 

Relative Sulphur and Oxygen Affinities of Copper 
and Iron: Combination of eqs 4 and 5 gives 


2Cu(1l) + FeS(l) > Fe(y) + Cu,S(1) [6] 


The equilibrium data for this reaction show the ex- 
tent to which copper can displace iron from iron 
sulphide, and thus the equilibrium constant k, is a 
measure of the relative affinities of copper and iron 
for sulphur. At 1300°C, based on Kelley’s data, 


k ou Are 
k, == = ee na ae A!) Sw = 3.1 
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The value of k, indicates that copper does have a 
little greater affinity for sulphur than does iron. 
However, the value is so close to unity that we ob- 
viously cannot account for the iron-copper separa- 
tion in matte smelting on the basis of differences in 
sulphur affinities of copper and iron. 

_- The possibility of forming Cu.O during smelting 
can be appraised, starting with consideration of re- 
action 7. 


2Cu(l) + % O, = Cu,0(1) [7] 
At 1300°C, Kelley’s data give: 
ae 2 = 160 
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Combining eq 7 with eq 2, and also combining equi- 
librium constants, 


Cu,O(1) + Fe(y) 2FeO(l) +2Cu(l) [8] 


2 
Areo Aou 


i == 00 


Acu,0 Are 
The large value of k, shows the strong tendency of 
the reaction to go to the right and shows that iron 
has a much greater affinity for oxygen than does 
copper. 
Combining eqs 6 and 8 and their equilibrium con- 
stants, 


Cu.O(1l) + FeS(1) =Cu,S(1) + FeO(l) [9] 


ke; Pa! Acuzs Areo — 4000 
Acu,0 Ares 
Thus reaction 9 has a strong tendency to go to com- 
pletion. In moderate-grade mattes, dows and Gres 
must be about the same order of magnitude, so that 


Acuss 


Ares 


as a first approximation = 1. From fig. 5, Greo 


lies between 0.3 and 0.9 in the slag. Inserting these 
estimates in k, and solving for dcu.0, we find Qcuo = 
about 10“. This low value of dcu.0 is at least of the 
correct order of magnitude. Thus, the presence of 
copper oxide in the smelting system at an activity 
level corresponding to more than about one ten 
thousandth of the activity of pure liquid Cu,O will 
drive reaction 9 to the right, displacing iron from 
the matte. The relationship expressed by the 
equilibrium constant of reaction 9 thus accounts in 
large measure for the clear-cut segregation of cop- 
pe per into the matte in the matte smelting process. 


It is clear from the derivation that the relative 
oxygen affinities of iron and copper play the pre- 
dominant role rather than the relative sulphur 
affinities which are not very different from each 
other. 


Application of the Phase Rule to the Ideal Matte- 
Slag System: The simplest matte-slag system to 
which the previous discussion is applicable is repre- 
sented schematically in fig. 7. This system has three 
phases and five components; hence, according to the 
Phase Rule it has four degrees of freedom. That is, 
specification of temperature and three other inde- 
pendent variables completely determines the state 
of the system at equilibrium (i.e., composition of 
each phase, activity of each constituent). For ex- 
ample, the following three alternative groups of 
four variables (or other groups) might be specified: 


I pa boas 
Temperature Temperature Temperature 
areo _ Pct SiOz in slag Po, 
No 
ares in slag Ps, 
Nre 
Ps0, Pct Cu in matte Pct Cu in matte 


The choice of independent variables in solving a 
given problem isa matter of ingenuity and conven- 
ience, in utilizing what is known practically about 
the system and in utilizing the available thermody- 
namic and stoichiometric relations. 

Under some conditions an additional phase may 
be present in the system; e.g., solid magnetite or 
solid silica. If either of these solids is present at 
equilibrium, the system then has only three degrees 
of freedom; if both are present, the system has only 
two degrees of freedom. 

The limited number of truly independent vari- 
ables which can be imposed on the ideal matte-slag 
system at equilibrium is of considerable practical — 
importance. In other words, the equilibrium matte, 
slag, and gas compositions at a given temperature 
are very intimately related and are not subject to 
wide independent controls on the part of the metal- 
lurgist. If full advantage is to be taken of the in- 
dependent controls which are possible, it is essential 
that the fixed thermodynamic relations between 
activities, partial pressures, temperature, and phase 


SLAG: fe0 Sid, O 


(co) (5) 


Kew 
(0) 


Fig. 7—Ideal matte-slag system. 


MATTE: Cu 
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compositions be clearly recognized, and it is highly 
desirable that these relations be known quantita- 
tively. 


Equilibria in the Matte-Slag System: Activity- 
Composition Relations: Before full use can be made 
of equilibrium constants such as those already 
given, experimental determination of the relations 
between activities and composition must be made 
for both mattes and slags. The assumptions that 
activity is directly proportional to concentration 
(Henry’s law for dilute solutions) or is equal to mol 
fraction (Raoult’s law for ideal solutions) appear to 
have only very limited applicability to mattes and 
slags. 

Complete activity-composition data for Fe-O 
melts are available from Darken and Gurry’s work.° 
These melts, however, contain no SiO, and thus 
represent merely the limiting conditions for slags. 
Thus, referring to fig. 4 experimental work is 
needed to find how Poz, Greo, and dsio. vary with com- 
position within the ternary melt field ABCD. 

Similarly, very few activity data are available for 
liquid mattes, and experimental work is needed to 
find how Ps., Qcu, Are, Acus, and Ares vary with com- 
position. For rough estimations, regarding mattes 
as binary solutions of Cu.S and FeS and assuming 
that dows and Gres are equal to the respective mol 
fractions appear justified pending the availability of 
experimental data. 

Mutual Solubilities: In the previous discussion, 
the matte has been regarded primarily as a metal- 
sulphide solution and the slag as an oxide solution. 
In actuality, however, when the matte and slag are 
in equilibrium, some Cu.S and FeS probably will 
dissolve in the slag and some FeO and Fe,O., perhaps 
even a little SiO., will dissolve in the matte. The 
solubility of Cu.S in the slag, and the Cu.S distribu- 
tion equilibrium between slag and matte are of 
primary importance in relation to slag losses and 
call urgently for laboratory study in simple systems. 

Slag-Matte Reactions: Literally dozens of bal- 
anced chemical equations can be written for possible 
slag-matte reactions involving the substances Fe, 
FeO, Fe,O,, FeS, Cu, CuzO and Cu.S present in the 
matte and slag solutions and S,, O., and SO, in the 
gas phase. Since reaction mechanisms are of sec- 
ondary consequence in the thermodynamic appraisal 
of equilibrium relationships, we may work rigor- 
ously with any of these equations for which the 
necessary data happen to be available. However, 
all the chemical equations for slag-matte reactions 
that might be composed are not independent of each 
other; in fact they are mostly algebraic additions 
and subtractions of each other. Hence, for equilib- 


rium studies it is necessary to consider not all possi- - 


ble reactions but only a few independent reactions. 
The Phase Rule gives this principle in different 
language. 

The bookkeeping of equilibrium data is greatly 
simplified by expressing the data in terms of free- 
energy changes. The standard free-energy change 
in calories per mol, AF°, for any chemical reaction 
is related to the equilibrium constant k, as follows: 


AF° = —RT In, k = —4.576 T logy k 


in which R is the gas constant and T is the absolute 
temperature (°C + 273). Also, AF° is related to the 
heat of reaction, AH, and the standard entropy 
change (AS°) for the reaction: 


AF°® == AH —T AS° 


This relation is useful because over a relatively 
narrow range of temperature, such as the range 
from the melting point of Cu to 1500°C with which 
we are most concerned in copper smelting, AH and 
AS° for a given reaction are substantially constant 
and can be assumed constant without introducing 
any significant error in equilibrium calculations. 

Table II gives AH and AS° data for various re- 
actions of interest in the matte-smelting system, 
from which by use of the relations given above, 
equilibrium constants can be calculated over the 
temperature range 1100° to 1500°C. The calculated 
values of the equilibrium constants at 1300°C 
(1573°K) are given in the last column. The re- 
actions are in two groups: first, the simple reactions 
of formation of the oxides and sulphides, and sec- 
ond, the more complex reactions between the vari- 
ous compounds. The data for the second group of 
reactions are all obtained by algebraic combinations 
of the data for the reactions of formation. That is, 
when the chemical equations are added and sub- 
tracted algebraically, the values of AF°, AH, and 
AS° are also added and subtracted according to the 
same rules to obtain their respective values for the 
resulting chemical equation. 

The data for the reactions of formation of SO, and 
the iron oxides at smelting temperatures are estab- 
lished with high accuracy. On the other hand, the 
data for the reactions of formation of Cu.S, FeS, 
and Cu.O are calculated on the basis of low tem- 
perature equilibrium results and rough specific- 
heat estimates, and may prove to be in error when 
further experiments are made. 

The data in table II lead to equilibrium constants 
in which the activities of the reactants and reaction 
products must be evaluated with respect to certain 
specific standard states of unit activity. For the 
gaseous reactants, activities are given by partial 
pressures in atmospheres so that the standard states 
are the pure gases at 1 atm. The standard states for 
the other reactants are the pure substances in the 
state of aggregation which is stable over all or most 
of the temperature range of interest in copper 
smelting. These standard states are indicated in the 
chemical equations by the use of the appropriate 
abbreviations in parentheses. Sometimes it is con- 
venient to retain a given standard state for calcula- 
tions involving conditions where the given standard 
state is metastable. For example, FeO(1) is taken 
in a formal sense as a standard state at temperatures 
below the freezing point of liquid iron oxide. 

Sample Calculations and Applications of Equilib- 
rium Data: Even without activity-composition data 
on slag and matte solutions, a great variety of cal- 
culations and estimates of limiting conditions can be 
made using the data summarized in table II. The 
estimations given below are intended only to be 
illustrative of the methods of using equilibrium 
data and represent a small fraction of the potentially 
useful calculations which can be made from the 
available thermodynamic data. Similar illustrations 
have been given by Kelley. 

Example 1—Estimation of Equilibrium Values of 
Ps, and po, at Various Stages of Copper Smelting: In 
fig. 1 were plotted estimates of ps, and po, for vari- 
ous stages of converting and for subsequent oxida- 
tion of the blister copper to Cu.O. The basis of these 
estimates is given below: 

(a) Matte with 25 mol pct Cu,S (75 mol pct FeS): 
Since the matte-slag system has a variance of 4, 
it is necessary to fix values for four independent 
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variables to specify the system. The following four improved by more accurate free-energy data and by 
variables can be estimated reasonably well from the data relating d;.o to slag composition and relating 
known characteristics of the process: ayes to matte composition. However, when the cal- 
Let temperature — 1300°C = 1573°K culations are repeated with various extreme as- 
sumptions, bordering on wunreasonableness, the 
orders of magnitude of po, and ps, are not changed. 
(b) Matte with 75 mol pct Cu,S (25 mol pet FeS): 
Repetition of the above calculations with ays5 = 
0.25 and the other assumptions unchanged gives 


Pso., the equilibrium SO, pressure, may be taken 
as 1 atm, as discussed earlier. 

Greo lies between extremes of 0.9 for a slag with 
no SiO, and 0.3 for a slag saturated with both FeO, 
and SiO, (see fig. 5). For a first approximation let 


us take areo == 0:5. Are304 — 0.93 
Taking Gres = mol fraction FeS in matte = 0.75 Da 5.6 X 10° atm 
seems a reasonable first approximation. Ps, = 10% atm 


F : (c) Blister-forming stage: 
Bg ag Ht While blowing Cu.S to Cu, the converter contains 
. 08 Kn = AF” — 177,400 — (1573) (102.22) two liquid phases, Cu saturated with Cu.S and Cu,$ 


kp == 4.9 < 107 —— saturated with Cu. In view of the symmetry of the 
Greo” Dsoo x Cu-Cu.S phase diagram,” and lacking better thermo- 
Rae a autiae css, 4.9 X 10 dynamic data, the assumption that dou == deus = 0.8 


appears to be a reasonable approximation. Finding 
k, at 1300°C from data in table II and substituting 
these values, 


Substituting values given above and solving for 
Ares04 
Ares04 =— 0.64 


e Ss = A 10° 
From the data in table II for reaction 3 at 1300°C, Tillie Se 
Ares0, Then from Pso, = 1 atm and k,, 


k= 7 Sel Seale Dox —13. 4) xo 10; athe 
aS Siar ete : (d) End of oxidation in fire refining: 
a ubstituting the value of reso, just found and the When the metal is saturated with Cu.O, it may be 
originally assumed value for deo, we find assumed as an approximation that dou == douo = 0.9. 
Po. = 2.7 X 10° atm From k, at 1300°C, 
Now with po, and so, both known, the equilibrium Po, = 4.7 & 10° atm 
constant for reaction 1 can be used to solve for Ds, In the fire-refining procedure the metal approaches 
to find _ equilibrium with an atmosphere in which Pso, is 
Ds, = 4.5 X 10° atm s determined by the fuel used to heat the refining 
The accuracy of such estimates certainly will be furnace, which might be, for example, 10° atm. 


Table II. Energy Changes in Copper-Smelting Reactions 1100° to 1500°C 


AH, Cal. AS°, Cal. k at Source of 
: ion* z Mol 1300°C 
No Reaction nenMol ae Ae (1573°K) Data; 
A. Formation of Oxides and Sulphides 
1 ¥Se2(g) + Oz» SOz —86,570 — 17.30 1.8 x 108 Be Ne ae 
3 a. 
Fe(y) + %O2-5 FeO (1) —54,890 — 10.55 2.1 x 10° Gurry® ‘ 
- Darken an 
2’ Fe(y) + %O2->5 FeO (s) —63,090 — 15.53 2.4 x 10° Gurry : 
Darken an 
3 3FeO (1) + %O2-» FesO:(s) —96,200 — 40.59 3.1 x 104 Gurry 
4 2Cu(l) + %Se2-» CurS (1) —25,460 — 3.0 7.6 x 102 Kelleyt 
5 Fe(y) + Y%Se-» FeS (I) —30,260 — 8.3 2.5 x 102 Kelley 
7 2Cu(l) + Y¥O2-5 Cus0 (1) —28,920 — 8.26 1.6 x 102 Kelley 


B. Copper Smelting Reactions 
eh a Sg SR er a 


6 2Cu(l) + FeS (1) -5 CueS(1) + Fe(y) + 4,800 + 5.3 3.1 (4) — (5) 
8 Cuz0 (1) + Fe(y) + FeO(I) + 2Cu (1) —25,970 — 2.29 1.3 x 103 os oe i £5) 
9 CusO (1) + FeS (1) -» CusS (1) + FeO (1) —21,170 + 3.01 4.0 x 103 (aye 
f Chest Ta 
10 3Fe302(s) + FeS(l) + 10FeO (1) + SO2 +177,400 +102.22 4.9 x 10-3 (5) = 38) 
11 Fe(yv) + FesOs(s) 4FeO (1) + 41,310 + 30.04 6.7 (2) 
12 FeO (s) + FeS ieee ¥eSe + 4FeO (1) +71,570 + 38.34 2.7 x 10-2 (11) — (5) 
e 13 FesO4(s) + FeS (1) + 2Cu(l) + + 46,110 + 35.34 21 (12) + (4) 
: 6 4FeO (1) + CueS (1) tye 
¥ ‘ 14 CueS (1) + 2CusO (1) —» 6Cu(l) + SO2 — 3,270 + 2.22 8.7 2(7) 


aN —— 


* The fata are based on standard states indicated by the abbreviations in parenthesis following the 


rmula: These standard states of unit activity are as follows: 
is Gaseous reactants, Se, O2, SOs: the gases at 1 atm partial pressure, soa = p 


Fe(y): solid gamma iron 


FeO (1): FeO in pure iron oxide melt of composition saturated with solid gamma iron 
FeO (s): FeO in wiistite of composition in equilibrium with solid gamma iron 

FesOx (s) : solid magnetite of composition FesO. 

Cu (1): pure liquid copper ee 

CusS (1): pure liquid of composition CueS 

FeS (1): pure liquid of composition FeS 


CuzO (1): pure liquid of composition Cuz0 


riginal data from the sources indicated have been used to calculate AH and AS* at copper 
eens Paperstares. In some cases, the standard states have been changed from the original data, 


energy data have been changed accordingly. : 
ay ane aa eke for CusS are based on eqs 629 and 630, p. 136 of Kelley’s paper.t 
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Substituting this and the value of Po, just estimated 
in k,, we find 
Ps, == 1.4.x 10% atm 
Example 2—Sulphur Dioxide Formation in Re- 
verberatory Smelting: Estimation of Pso. for the 
reverberatory smelting step might be based on 
reaction 10. From data in table II, 
Ka» == 107 at 1200° 
4.9 X 10“ at 1300° 
1.5 X 107° at 1400° 


For a 30 pct Cu matte, mol fraction FeS is about 
0.75, so assume dares — 0.75. The slag composition 
will determine both dreo and reo,, and in turn itself 
depends on the charge makeup (e.g., dreo can be 
decreased by adding more SiO,; Grego, can be in- 
creased by more Fe,O, in charge or in returned 
converter slag; Gres, could be reduced by adding 
scrap Fe to charge). Without these data on slag 
chemistry, we can still calculate the extreme limits 
of variation in Pso. which might be obtained by sto- 
ichiometric control of the charge. 

The maximum Pso, will correspond to maximum 
Are30,° 
Areo” > 
with both magnetite and silica. That is drejo, == 1 
and Greo = 0.28 (from fig. 5) at 1300°C. From 
Darken’s data (fig. 3) and values of k,; it is found 
similarly that dreo = 0.29 at 1200°C and 0.18 at 
1400°C for slag saturated with Fe,O, and SiO,. Sub- 
stituting Gres = 0.75, Ares0, == 1, and the values of Greo 
just found in the corresponding equations for ky, we 
find 


which will be obtained in a slag saturated 


Psoo Max = 17 atm at 1200°C 
2100 atm at 1300°C 
2.5 X 10° atm at 1400°C 


These extremely high pressures are not of any 
practical significance beyond the fact that they point 
to violent evolution of SO, if a 30 pet Cu matte is 
brought into contact with a SiO.-saturated slag of 
maximum oxidizing power at any smelting tem- 
perature. 

The minimum Ps, in reverberatory smelting, cor- 
Areg04° 
Greo” ” 
a slag saturated with metallic iron and silica. Taking 
dre as 1, using Darken’s po, data (fig. 3), and values 
of k, and k, calculated from table II, we find for Fe 
and SiO.-saturated slag: 


at 1200°C: @reo = 0.46; dveso, = 1.5 & 107 
at 1300°C: dreo = 0.40; die,07-—— Oro N& Gis 
at 1400°C: Greo = 0.383 Grego, = 1.4 X 10° 


responding to minimum will be obtained with 


Substituting these values and ares — 0.75 in k,, at 
these temperatures, Pso. = 6.5 &K 107 atm at 1200°C; 
2 X 10° atm at 1300°C; 4.9 & 10° atm at 1400°C 

All the above calculations of pso, have been for 
Gres = 0.75. From ky it is apparent that so, is pro- 
portional to dres, so that Pso. decreases with increase 
in grade of matte. 

Summarizing, these estimates show that while 
matte of a given grade is being produced, the 
- equilibrium sulphur dioxide pressure can be varied 
enormously from subatmospheric to superatmos- 
pheric pressure by simply changing the slag com- 
- position. A high content of SO, in the flue gas, 
corresponding to rapid evolution of SO, from the 
slag-matte reactions, 
oxidizing slags for which the calculated values of 
Pso. are greater than 1 atm. Also, these estimates 


would be expected with. 


indicate that for a given matte-slag combination, 
Pso, increases sharply with rise in temperature. 

Example 3—Magnetite Formation and Dissolution 
in Slag: Control of magnetite behavior can be an 
important operating problem. Formation of Fe,O, is. 
deliberately sought in lining the converter, and the 
converting operation itself gives slags high in Fe,O.. 
On the other hand, dissolution and digestion of 
magnetite are desired in the reverberatory smelting 
to avoid bottom buildup and accretion leading to 
eventual shutdown. 

As has been brought out in the preceding dis- 
cussion, magnetite formation is associated with sys- 
tems of high oxygen pressure. Fig. 5 shows that at 
1300°C Fe,O, will be in equilibrium with iron silicate 
slags at po. values from 2 * 10° atm to 2 X& 10° 
atm, depending on dro in the slag. (See also equilib- 
rium data for reaction 3, table II.) From fig. 1 (also 
example 1), it is seen that equilibrium po, during 
converting is in and near this range. Moreover, the 
converter is not at equilibrium, in that the actual 
oxygen pressure is locally much greater. Thus, the 
well-known tendency toward magnetite formation 
in converting is consistent with the thermodynamic 
data. 

The possibility of formation of magnetite by re- 
versal of reaction 10 during converting might be 
considered. At 1300°C k, = 4.9 * 10°. Assuming 
Pso. = 0.2 atm, Ares, = 1, and taking ares near the 
white-metal stage as 0.01, we find by solving k,, that 
dreo = 0.44. That is, if dreo is greater than 0.44, 
reaction 10 will proceed to the left, and FeS will be 
formed instead of being oxidized; in a sense, this is 
a reversal of the converting process. In practice reo 
is controlled by addition of SiO, which forms a 
solution with FeO-and reduces its activity, thus 
avoiding any reversal of the converting process. 
Evidently, then, the siliceous flux added to the con- 
verter not only serves to form a fluid, low melting, 
and manageable slag but also is essential to the 
completion of the FeS oxidation. 

Calculations in example 2 have shown the ex- 
tremes of variation of reso, possible at equilibrium 
in iron silicate slags to be from 1.0 in Fe,O,-saturated 
slags down to 10° to 10° for Fe-saturated slags. Of 
course, the slags with aro, = 1 are incapable of 
dissolving more Fe,O,, while those with lowest drejo, 
are able to dissolve considerable Fe,O,. 

Dissolution of magnetite may occur by the fol- 
lowing reaction: 


3 FeO, + FeS = 10 FeO + SO, [10] 


The conditions under which this reaction goes may 
be considered for two different sites in the rever- 
beratory furnace. 

First, at the slag-matte interface, Fe,O, dissolved 
in slag may react with FeS dissolved in matte to 
give FeO dissolved in slag. The reaction will pro- 
ceed only if it develops an SO, pressure greater than 
1 atm. If the slag is saturated with magnetite and 
Greo is, say, 0.4, calculations based on values of k,, 
(from example 2) show that ares must be substan- 
tially unity for the reaction to proceed at 1200°C, 
but only 0.02 for the reaction to proceed at 1300°C. 
Reaction at the slag-matte surface alone would lead 
to reduction of the dissolved Fe,O, of the slag, so 
that the slag could dissolve solid magnetite else- 
where in the furnace. 

Another possible site of reaction 10 to be con- 
sidered is the matte, solid magnetite interface (e.g., 
magnetite on furnace bottom or magnetite sus- 
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pended in matte). For this site areo, —= 1 and any 
FeO formed also must be a separate new phase or 
in solution in matte since there is no slag, or SiO, 
to form slag, at the site specified. At temperatures 
from 1200° to 1424°C reduction of magnetite gives 
solid wiistite which probably is a no more desirable 
solid product or accretion than magnetite. Wiistite 
has a variable composition, the melting point de- 
creasing as oxygen content is decreased, but the 
lowest melting point is 1371°C. Thus, a simple 
reaction between matte and magnetite to produce 
solid wistite and SO, does not appear a feasible 
means for preventing buildup of solid iron oxides 
on the bottom of the furnace if the bottom tempera- 
ture is below about 1400°C. 

A more reasonable hypothesis for the matte, solid 


magnetite reaction is that Fe,O, (solid) reacts with — 


_ FeS in the matte to form FeO dissolved in the matte 
and SO,. This hypothesis involves the idea that FeO 
is soluble in the matte while Fe,O, is not dissolved 
until it is reduced. Better experimental data on 
oxides in mattes are needed before any satisfactory 
appraisal can be made of this possibility. 

From the above, it is clear that magnetite be- 
havior represents a complex problem which will 
require careful analysis not only of the equilibria 
involved, but also of the kinetics and reaction 
mechanisms within the converter and reverberatory 
furnace. The thermodynamic data show that the 
reaction of magnetite with iron sulphide in the 
matte is very sensitive to temperature and to FeO 
activity. A small increase in temperature or a small 
decrease in FeO activity such as might be obtained 
by adding SiO, to the slag strongly favors the re- 
action. 

Example 4—Iron Content of Blister Copper: An 
estimate can be made of ay. during the blister-mak- 
ing step. During this step there should be ample 
opportunity for formation of Fe,O, from the residual 
iron, so that as a basis of first approximation equilib- 
rium might be approached in the reaction: 


3 Fe + 20, = FeO, 


The equilibrium constant for this reaction can be 
found by algebraically combining data for reactions 
2 and 3 (table II). The equilibrium po, for the 
blister-making step was found to be 3.4 « 10° atm 
in example lc, and dre, is estimated as 1 (max). 
Thus we can calculate a maximum value for dre. At 
1300°C ar. (max) = 7 X 10%. Reference to the 
Fe-Cu constitution diagram indicates that Fe dis- 
solved in Cu will have an activity coefficient defi- 
nitely greater than 1; that is, the activity will be 
greater than the mol fraction. Hence, we may con- 
‘clude that blister copper will contain well under 
0.07 pct Fe if blown at 1300°C. 

Substituting the value of dre just calculated and 
the value of ps, calculated in example lc in k;, we 
find that dres = 2.7 < 10“ at 1300°C in the blister- 
making stage. Thus the dissolved iron content of 
the white-metal phase (being converted to blister) 
might be on the order of 0.01 pct. 

Experimental Program: The foregoing survey has 
disclosed many gaps in our knowledge of the physi- 
cal chemistry of copper smelting which can be filled 
only by experimental work on simple systems under 
closely controlled conditions. Below is outlined a 
program of laboratory research that has been 
planned and started on the basis of the analysis 
given in the previous sections. 

I. Chemistry of the Separate Phases 


A. Iron Silicate Slags 
Problem 1. Oxidation equilibria for FeO- 
Fe,0,-SiO, melts. 

A study of the reaction CO,(g) = O 
(slag) + CO(g) over the entire field 
of melt compositions. The CO./CO ratio 
serves as a convenient yardstick of oxy- 
gen pressure. 


Problem 2. Determination of liquidus sur- 
faces for Fe-O-SiO, system. 
The temperature-composition range for 
iron silicate slags may be located by ex- 
tension and modification of Bowen and 
Schairer’s methods, involving bringing 
the system to equilibrium, quenching, 
and examination of the quenched solid. 
B. Mattes 
Problem 3. Sulphur pressure of copper 
sulphide melts. 
A study of the reaction H.(g) ++ Cu.S(1) 
= 2 Cu (dissolved) + H.S from high 
sulphur melts down to melts saturated 
with copper. The H.S/H, ratio in the 
gas is a convenient yardstick of sulphur 
pressure. 


Problem 4. Sulphur pressure of Fe-S and 

Cu-Fe-S melts. 
Study of equilibria for the reactions 
FeS(matte) = Fe(matte) + % S, 
Cu.S (matte) = 2 Cu(matte) + %S, 
C. Liquid Copper (Much of the information 
needed on solutions of oxygen and sul- 
phur in liquid copper is available, from 
studies of H,O-H., CO,-CO, and SO, re- 
actions with Cu) 

Problem 5. Equilibria for the reaction 
H.S(g) + 2 Cu(l) = H.(g) + Cus 
(dissolved) 

II. Solubilities of Cu,O and Cu.S in Iron Silicate 
Slags—Equilibrium studies in slag-metal sys- 
tems make possible the differentiation between 
dissolution of Cu,O and dissolution of Cu.S, a 
differentiation difficult to make in a matte-slag 
system 

Problem 6. Cu.O in iron silicate slags 
(sulphur-free system). 

Reactions: 2 Cu(l) + O(slag) = 
Cu.O (slag) 
Cu.O (slag) <2 Cu,O(metal) 

Problem 7. Cu,O and Cu.S in iron silicate 
slags. 

Reactions (in addition to those under 1): 
Cu.S (slag) <— Cu,S(metal) 
Cu.S(metal) + FeO(slag) @ 

Cu.O(slag) + FeS (slag) 

III. Slag-Matte Equilibria 

Problem 8. When data from I and II on 
individual reactions in simple systems are 
available, it will be possible to deal ef- 
fectively with the complex relationships 
of the slag-matte system itself. The ex- 
periments will involve matte-slag systems 
with four independent variables: 


: No . 
temperature, pct SiO, in slag,j—in slag, 
Fe 


pet Cu in matte 


IV. Solubilities of Oxygen and Oxides in Mattes; 
the Matte-Magnetite Reactions 


Problem 9. 
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Reactions: 3 Fe,O,(s) + FeS(matte) = 

10 FeO(matte) ++ SO.(g) 

Fe,0,(s) + FeS(matte) = 

4 FeO(matte) + % S.(g) 

These reactions might be studied by 

measuring gas pressures of oxygen-con- 

taining mattes in magnetite crucibles, ac- 

companied by complete analyses of the 

mattes. 

Work on problems 1, 2, and 5 has been started 

under a grant by the Research Corp. for the period 

1947 to 1949. Work on problem 3 has been started 

under a fellowship awarded by the International 
Nickel Co. for the same period. 


Summary 


In order to plan a program of investigating the 
fundamentals of copper smelting, a survey of the 
present status of our knowledge of the thermo- 
dynamics of copper smelting has been undertaken. 
Available thermodynamic data applicable to copper 
smelting systems are collected and tabulated, and 
the important gaps are pointed out. A few examples 
are given of estimations which can be made from 
the available data. 

The simplest matte-slag system has five compo- 
nents: Cu, Fe, O, S and SiO,. From a narrow 
equilibrium point of view the operator has four in- 
dependent controls, no more and no less, which 
might be temperature and the three stoichiometric 
variables determined by the charge: grade of matte, 
No 
Nye 
in slag. Calculations based on recent data by 
Darken and Gurry show that the equilibrium oxygen 
pressure for the matte-slag system can be varied 
over a tremendous range by varying the silica con- 


silica content of slag, and oxygen/iron ratio 


ratio of the slag. 


: N. 
tent and more particularly the —° 


Fe 
It is to be expected that quantitative control of the 
oxygen pressure (in other words, of the oxidizing 
or reducing conditions) will have bearing on the 
practical problems of slag losses and magnetite be- 
havior. 

An experimental research program is proposed 
to supply the thermodynamic data which appear 
most essential to better quantitative understanding 
of the chemistry of copper smelting. The proposed 
program is designed also to shed specific light on the 


practical problems of slag losses and magnetite 
behavior. 
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Thermal Segregation: A Mechanism for the Segregation of Hydrogen in Steel 


by G. Derge and E. E. Duncan 


EW of the literature on hydrogen in steels 
indicates that inadequate consideration has 
been given to the influence of temperature gradi- 
ents on segregation of this element. Even when 
segregation has been taken into account, the inter- 
pretation of the data has been seriously handicapped 


G. DERGE, Member AIME, and E. E. DUNCAN, are 
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by incomplete understanding of the mechanism by 
which it occurred. Recognition of a mechanism 
which will be described as “thermal segregation” 
appears to rationalize many of the observed effects 
so well that it will be reported here with some 
preliminary experimental evidence. The complete 
quantitative evaluation of the factors controlling 
the mechanism will require extensive experimen- 
tation. hee 

The operation of the mechanism can be described 
in relation to fig. 1, which shows the temperature 
dependence of the solubility of hydrogen in iron at 
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1 atm pressure. Consider the cooling of an unsegre- 
gated billet containing a typical amount of hydro- 
gen such as X: in fig. 1 from some austenitic temp- 
erature to room temperature. The surface will 
soon reach some low temperature in the a range, 
T, , where its hydrogen content is in excess of the 
solubility limit for the low partial pressure of 
hydrogen effective at that point. At the same time 
the center of the billet is at some higher temperature 
in the y range, T.,, where the effective pressure must 
be very great and the solubility limit is far in excess 
of the actual hydrogen content. At the same time 
there will be some intermediate position in the billet 
at the temperature T,, which is just at the solubility 
limit for the effective pressure at this point. The 
hydrogen in this critical region may now diffuse to 
the surface and escape or it may diffuse toward the 
center. The relative influence of these competing op- 
portunities for diffusion will depend upon several 
factors. Since diffusion rates increase exponentially 
with temperature, and since the greatest change in 
solubility is at the y-a transformation, it is reason- 
able to expect that under such a temperature gradi- 
ent the tendency for hydrogen to diffuse to that part 
of the billet remaining in the y range will be im- 
portant. Experimental evidence will be cited which 
indicates that this “thermal segregation” actually 
occurs in billets. 

Consider the four experimental 4x4 in. ingots 
included in table I A. These were teemed directly 
from the ladle in a basic open-hearth shop. The 
two ingots A, and B, which were air cooled from the 
pouring temperature would have been afforded the 
greatest opportunity for thermal segregation, and 
they both show a gradient of about 0.0016 pct H,. 
between edge and center. The ingot A, which was 
air cooled from the soaking pit treatment was 
afforded less opportunity for segregation because 
the lower initial temperature would have maintained 


Table I. Hydrogen Segregation in Experimental Ingots 


AH Pct 
Heat Sample (Center- Ingot 
No. Position Pet H edge) History 
Part A—Open-hearth Heats 
A Edge 0.000225 4x4 in. Air 
‘ Center 0.001870 0.00164 cooled after 
pouring. 
A Edge 0.000110 4x4 in. Air 
z Genie 0.000970 0.00086 cooled from 
soaking pit. 
=-B Edge 0.000220 4x4 in. Air 
3 Genter 0.001760 0.00154 cooled after 
’ pouring. 
Bo - Edge 0.000260 4x4 in. Water 
3 nate 0.000340 0.00008 quenched from 
soaking pit. 


eee ene et See eee 
Part B—Induction Furnace Heats 


Ci Edge 0.000213 3%2x3% in. 


Center 0.000300 0.000087 Quenched after 
pouring. 
E 0.000087 3%x3% in. 
<f Cost. | 0:000404 f| 9.000317 ‘Air cooled after 
pouring. 
0.000238 5 ¥x5% in. 
ms poate 0.000328 0.000090 Quenched after 
pouring. 
0.000143 3%x3% in. 
He Cones 0.000595 0.000452 Cooled in sand 


after pouring. 


Hydrogen, Percent 


400, Tx T, 


1000 Ty 1400 1600 
Temperature, Deg.C. 
Fig. 1—Solubility of hydrogen in iron at 1 atm pressure. 
(Basic Open Hearth Steelmaking. AIME (1944) 469.) 


the center in the austenitic condition for a shorter 
time. The observed segregation was actually about 
half as great as for those cooled from the pouring 
temperature. The sample B, which was quenched 
from the soaking pit showed practically no segrega- 
tion, indicating that the soaking treatment was 
effective but that the segregation observed in the 
air-cooled sample occurred after removal from the 
pit. 

Similar experiments were made in the laboratory 
with induction furnace heats as shown in table I B. 
In both instances the slowly cooled ingots showed 
greater segregation than those that were quenched. 
The contrast was greatest in heat D where the quen- 
ched ingot was larger. In fact, the degree of 
homogeneity of all quenched ingots was so great 
that one wonders if any appreciable segregation oc- 
curred during solidification. It appears difficult to 
explain these results by any other mechanism than 
“thermal segregation.” 

The absence of segregation in highly alloyed 
austenitic steels made in the electric furnace has 
been reported by S. F. Carter.» His data were 
Annual Elec. Furnace Conf., Iron and Steel Div., AIME. (Decem- 
ber 1949.) 
obtained from 4 in. square blocks cast in dry sand. 
These were compared with similar samples of car- 
bon steels which showed up to eight times as much 
hydrogen in the center as at the edge. The absence 
of the y-a transformation and the large solubility 
change associated with it would result in little 
‘thermal segregation” during the cooling of the 
austenitic steels and would explain the difference 
in behavior of the two types. 

If these initial experiments are typical, “thermal 
segregation” has much more influence on the con- 
trol of hydrogen in steel than most other processing 
factors, such as furnace practice. The quantitative 
evaluation of the factors controlling “thermal segre- 
gation” appears to be an essential research problem. 
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Twin Relationships in Ingots of Germanium 


by W. C. Ellis 


1 ES an ingot of germanium solidified progressively 
from the bottom by a method" devised by J. H. 
Scaff and H. C. Theuerer, examination discloses ex- 


1H. C. Torrey and C. A. Whitmer, Crystal Rectifiers. p. 364, 
1948. New York. McGraw-Hill Pub. Co. 


tensive twin relationships. A slice taken about mid- 
way in a cylindrical ingot approximately %4 in. in 
diameter and 1% in. in length, after etching and 
polishing to delineate different orientations, is shown 
in fig. la. The orientations of the regions designated 
with letters were determined by Laue X-ray back- 
reflection methods and plotted on stereograms. The 
orientation relationships of the designated com- 
ponents were determined by comparing the values 
for the nine angles between the three respective 
cube poles of each orientation with the values cal- 
culated in a formal treatment of octahedral multiple 
twinning in cubic crystals. Germanium, diamond 
cubic in structure, has the octahedral. twinning 
habit. 

I am indebted to K. H. Storks for the calculation 
of the angular relationships of cube poles in octa- 
hedral twinning to four orders. The set of values 
for the nine angles is distinctive of the order of 
twinning. Confirmation for a multiple twin rela- 
tionship is obtained from the determined indices of 
the mirror planes. These exist for all orders of 
twinning through the third and for some of the 
fourth.* If the orientations are not those for twin- 
ning, then the nine angles for the cube poles do not 
correspond in value and distribution to those for- 
mally calculated. Since all nine angles must cor- 
respond in values and distribution of values to the 
calculated ones, the Laue method with a precision 
of one or two degrees is adequate to establish or 
deny with confidence the existence of multiple 
twins. Regions of the same orientation can also fre- 
quently be identified by the optical reflections. For 
example, the narrow twin bands in A at 2:00 o’clock 
have orientation B,. 

- The interesting twin relationships shown sche- 
matically in fig. 1b were found for the section in 
fig. la. Most of this slice was made up of orientation, 
A, appearing in widely separated regions. Of the 
four possible first order twins of A, three were 
present in this slice and are designated by B with 
subscripts. Four second order twins of A are desig- 
nated by C with subscripts. It is worth emphasizing 
that two of these, C, and C., are second orders of A 
through the first order missing in this section. Two 
regions, designated by D with subscripts are third 
order twins of A. D, is a sixth order twin of D,. All 
orientations found were ascribable to multiple twin- 
ning, as if the orientations in this section originated 
earlier in solidification from a single nucleus. 
The presence of extensive multiple twinning to- 
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Fig. la—Etched transverse section of germanium 


ingot showing regions of different orientations. 
X3.5. Reduced approximately one third in reproduction. 


Fig. 1b—Schematiec representation of twin rela- 
tionships in section shown in fig. la. 


gether with the absence of other orientations ap- 
pears to be a characteristic result in many instances 
of solidification of germanium. Fertile conditions for 
twinning probably exist in the array of atoms in 
the diamond cubic structure. The high order twins 
in the section shown, it is reasonable to presume, 
are the result of progressive octahedral twinning 
through several generations in the material freezing 
earlier. Some of these generations do not appear in 
this section, it is suggested, because their orienta- 
tions with respect to the growth direction were un- 
favorable for survival. The extensive twinning is 
probably promoted during solidification by con- 
straint imposed by volume increase, and to an 
irregular growth front. Twinning may also be due, 
in part, to the attempt of the solidifying region to 
attain the orientation most favorable to the growth 
direction (maximum thermal gradient). The nucleus 
for a twinned orientation could have its origin in a 
“stacking fault” on the close-packed octahedral 
plane. 5 

Further work is being done in which the course 
of twinning throughout an ingot is being studied. 
The results appear to be important in the general 
theory of solidification. 
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Activation Energy for 


Recrystallization in Rolled Copper 


by B. F. Decker and D. Harker 


The recrystallization reaction in OFHC and spectroscopically pure copper has 
been followed by X ray diffraction determinations of the amount of material with 
the cold-worked and recrystallized textures in specimens which had been given various 
heat treatments. The heats of activation for recrystallization are found to be: 29.9 

kcal per mol for OFHC copper and 22.4 kcal per mol for spectroscopic copper. 


Introduction 


A reliable and speedy method for measuring the 

amount of recrystallized material in a piece of 
rolled metal, together with a new scheme for low 
temperature heat treatment, have made possible a 
determination of the activation energy for recrystal- 
lization in rolled copper. This method for studying 
recrystallization rates is different from others re- 
ported in the literature.* 

Oxygen free, high conductivity copper—OFHC 
copper—of purity 99.98 pct gave an activation 
energy for recrystallization of 29.9 kcal per mol 
with recrystallization data taken in the temperature 
range 208-245°C. Copper of purity 99.999 pct from 
the American Smelting & Refining Co. gave an acti- 
vation energy for recrystallization of 22.4 kcal per 
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mol with recrystallization data taken in the tem- 
perature range 43-135°C. 
_ The great change in activation energy for re- 
-erystallization as the small amount of impurity in 
the metal is decreased suggests that the motion of 
grain boundaries is conditioned by the impurities 
which must be concentrated in them. Thus the OFHC 
copper recrystallizes with an activation energy of 
the order of magnitude to be expected for the dif- 
fusion of the kind of impurities likely to be present. 
The high purity copper, on the other hand, recrystal- 
lizes with a much lower activation energy, in accord 
with the notion that the grain boundaries need not 
wait for the impurities to diffuse with them. 
Copper when strongly cold-rolled has a well- 
defined crystallite texture which can be described 
by saying that the [111] direction of the face- 


centered cubic crystals is aligned approximately in 
the cross-rolling direction and that faces of the 
form {110} lie approximately in the rolling plane. 
When such rolled copper is completely annealed 
the crystallite texture is quite different: the [100] 
direction is in the cross-rolling direction and faces 
of the form {100} are in the rolling plane. At inter- 
mediate stages of annealing, the copper contains 
both textures. 

If a Geiger counter X ray diffraction spectro- 
meter is set up so as to measure the intensity of the 
(200) Bragg reflection from the rolled surface of a 
piece of copper strip, this intensity increases from 
a very small value in the cold-worked state to a 
maximum as the specimen is annealed. The same 
would be true for (200) reflections from planes 
normal to the rolling or cross-rolling directions. In 
view of this fact, the amount of material in the 
copper which has recrystallized can be measured by 
comparing the intensities of one of these reflections 
just mentioned with the intensity from a similar 
specimen after complete annealing. In much the 
same way the intensity of (111) reflections from 
planes normal to the cross-rolling direction could 
be used to measure the amount of unrecrystallized 
material in the specimen. In the work to be de- 
scribed here the amounts of recrystallized and un- 
recrystallized material in partly annealed rolled 
copper specimens were determined in this way. 


Experimental Procedure 


Samples of oxygen free high conductivity (OFHC) 
copper, cold-rolled 99.7 pct to 0.002 in. thickness, 
were subjected to heat treatments for various chosen 
times at four different temperatures, and high purity 
copper samples, cold-rolled 98.0 pct to 0.0015 in. 
thickness, at six different temperatures. Each sample, 
after treatment, was placed in an orientation sample 
holder for use with a Geiger counter X ray spectro- 
meter and a reading was taken of the intensity of 
the (200) reflection from planes perpendicular to 
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Fig. 1—Isothermal transformation curves for OFHC 
copper. 


the rolling direction for the OFHC copper and of 
the (111) reflection from planes perpendicular to 
the cross-rolling direction for the high purity cop- 
per. A narrow slit was used at the X ray source and 
a wide slit at the counter in order to obtain: an 
integrated intensity whatever the line width. Figs. 
1 and 2 show the intensities of reflection, expressed 
as percentages of material transformed, plotted 
against the logarithm of the time at each tempera- 
ture. (For the (200) reflection in the rolling direc- 
tion, maximum intensity corresponds to 100 pct 
transformation, while, for the (111) reflection in 
the cross-rolling direction, minimum intensity cor- 
responds to 100 pct transformation). The shape of 
such a curve is approximately independent of tem- 
perature; small variations will be discussed later. 

The specimens were heat treated by suspending 
them in organic liquids boiling under atmospheric 
pressure. This method provides extremely constant 
temperatures and allows the specimens to be brought 
to temperature and quenched rapidly, so that the 
time at temperature can be well-known. The ap- 
paratus is very simple. It consists of a flask for boil- 
ing the liquid, surmounted by a water-cooled re- 
flux condenser. Openings fitted with ground glass 
stoppers are provided. Wires sealed into the stop- 
pers support the specimens in the boiling liquid. 
A thermometer well allows the exact temperature 
of the liquid to be read directly. 

Table I lists the organic liquids used in this work, 
the temperatures at which they boiled and the grade 
of copper treated at these temperatures. (The tem- 
peratures are not the boiling points to be found in 
the literature. They were determined directly in the 
apparatus just described using a calibrated ther- 
mometer). 

One set of specimens of high purity copper was 
given a prolonged heat treatment at 43°C. This 
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treatment was carried out in a constant temperature 
room in the laboratory of J. F. Eckel of the General 
Electric Research Laboratory. 

Using the isothermal curves, figs. 1 and 2, data 


1 3 
were taken to form plots of (T is the absolute 


temperature in °K) against the logarithm of the 
time for 50 pct recrystallization. These data fall 
quite closely on straight lines, as shown in fig. 3. 
This suggests that the rate of recrystallization is 
conditioned by a single activation energy which may 
be obtained from the slope of the straight line plots 
of fig. 3. If the rate of recrystallization is given by 


-2 


Rate—Ae*™ 


(where Q is an activation energy, R the gas con- 
stant, T the absolute temperature and A a constant), 


then one may write 
-Q 
= SS Aces 


where - is the time for a given amount of recrystal- 
lization to take place at T. Then 


(>) 
d(og7)  @ 


which is an expression for the slopes of the lines in 
fig. 3. From these slopes it was found that the 
activation energy for recrystallization is 29.9 kcal 
per mol for the OFHC copper and 22.4 kcal per mol 
for the high purity copper. 


Table I. Organic Liquids: Boiling Temperatures; 
Grades of Copper Treated 


Tempera- 

Liquid ture Grade 

°C of Cu 

Diethylene Glycol 244.5 OFHC 

Diethylene Glycol Monobuty1 Ether DEP OFHC 

Naphthalene 221.0 OFHC 

Tetralin 208.0 OFHC 
Chlorobenzene 135.2 99.999% pure 
Isobutyl Ketone 119.0 99.999% pure 
Toluene 112.6 99.999% pure 
Water 102.2 99.999% pure 
Trichloroethylene 88.2 99.999% pure 


Discussion of Results 


It was stated above that the rate of recrystalliza- 
tion may be described by a single activation energy. 
It does not follow that the process of recrystalliza- 
tion is a single process or type of process. In fact 
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Fig. 2—Isothermal transformation curves for pure copper. 
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the authors have reason to believe, from applica- 

tion of some of the work of Avrami,’ that the re- 
crystallized material grows in at least two ways, 
depending on temperature; and that a transition 
range of temperature exists in which some com- 
bination of the two or perhaps a different mechanism 
operates. This can be seen from the isothermal 
curves in figs. 4 and 5, where 


is plotted against log t. Here v is the fraction of trans- 
formed matter at time t. This sort of plot, in effect, 
magnifies the slight deviations in shape of the curves 
of figs. 1 and 2. When such a plot is a straight line 
one may write 


log log 


i = log B+ klogt 


where log B is the intercept on the axis of abscissas 
and k is the slope of the line, or 


v==1—e*" 


which is the expression derived by Avrami’ for grain 
_growth. The value of k indicates the type of growth 
occurring. If k lies between 2 and 3, the growing 
grains are plate-like; if k lies between 3 and 4, they 
are polyhedral. The reader will note that straight 
lines occur in figs. 4 and 5, but in both figures, there 
is a region between the k < 3 and k>3 ranges, 
where the lines are not straight, and the process 
cannot be described by Avrami’s expression. Since 
some straight lines are obtained, Avrami’s assump- 
tions—among them that both nucleation and growth 
processes have activation energies equal to Q@—are 
compatible with these data. It is quite plausible 
that at lower temperatures the growth of recrystal- 
lized material may be plate-like, since the speci- 
mens used were very thin and the concentration of 
nuclei initiating growth could conceivably be so 
small that the growing grains would become large 
compared to the thickness of the sample in the 
early stages of the reaction. At high temperatures, 
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Fig. 4—Isothermal transformation 
curves for OFHC copper (Avrami 
plot; V = fraction recrystallized). 


on the other hand, the concentration of nuclei 
could be large enough to make the size of a grain 
small compared to the thickness of the specimen, 
and the polyhedral growth law would apply. The 
transition region possibly would be some mixture of 
these two types of growth. The discussion just given 
should not be taken as a definite explanation, but 
only as a plausible one. 

It is to be expected that impurities concentrate in 
the boundaries between the grains, whether worked 
or not. Since the recrystallized and cold-worked 
crystals have such different orientations, the 
boundaries between them must be particularly well- 
defined, and, therefore, should contain a distinctly 
higher impurity concentration than the interiors of 
the crystals themselves. If we assume that a grain 
boundary, as it moves, cannot escape from the im- 
purities originally contained in it, then the rate of 
grain. boundary motion should have about the ac- 
tivation energy of the rate of impurity diffusion.* 
The recrystallization process consisting, as it does, 

—-of the growth of relatively perfect crystals at the 
expense of cold-worked material, takes place by 
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Fig. 3—Reciprocal of absolute temperature vs. time for half recrystallization in OFHC and pure copper. 
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grain boundary motion and should, therefore, be 
conditioned by impurity diffusion in the manner 
just outlined. On the other hand, perfectly pure 
metal should allow grain boundary motion at a rate 
depending on the smaller activation energy neces- 
sary for the slight atomic displacements which take 
place when material in one crystal becomes material 
in a grain boundary or in another crystal. From 
this point of view it is not surprising that the very 
pure copper recrystallizes with a much lower ac- 
tivation energy than does the OFHC copper. 


Fig. 5—Isothermal 
transformation curves 
for pure copper (Avrami 
plot; V = fraction 
recrystallized). 
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Metallographic Re-evaluation of the 


Indium-Zinc Eutectic Composition 


by 


S$. C. Carapella, Jr. 
and 
E. A. Peretti 


URING a literature survey of the indium-zinc | 


phase diagram, controversial reports on the 
composition of the eutectic point were encountered. 
The value reported in the investigation of Wilson 
and Peretti’ and in a later investigation by Valen- 
tiner’ was 4.0 wt pct zinc. The most recent work 
recorded on this system-consisted of an exhaustive 
survey of alloys by Rhines and Grobe’ in which they 
indicate a value of 2.8 wt pct zinc for the eutectic 
composition. 

To clarify this aspect of the diagram, a series of 
alloys were prepared by melting the respective con- 
stituents in a glass test tube under a covering of 
mineral oil and slowly cooling the melt in a fur- 
nace. The zinc used was Baker’s C.P. and had the 
following analysis: insoluble in H.SO,—0.01 pct; 
Pb—0.001 pct; Fe—0.001 pct. The indium, which 
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was supplied by the Indium Corporation of America, 
had a purity of 99.97 pct with the following im- 
purities: Cu—0.002 pet; Pb—0.006 pct; Sn—0.01 pct; 
Zn—0.01 pct. The alloys were prepared for metal- 
lographic examination using a technique already 
reported* and a new value of 2.0 + 0.1 wt pct zinc 
was observed. An alloy containing 2.00 wt pct zinc 
was also made by melting the constituents under a 
vacuum. In both of these methods of alloy prepara- 
tion the losses can be kept extremely small. Again, 
the characteristic eutectic structure was obtained, 
assuring confidence in this value. 

The accompanying micrographs are presented in 
support of this point. Fig. la represents an alloy 
containing 4.00 wt pct zinc, and reveals excess zinc 
particles, which precludes the value of both Wilson 
and Peretti, and Valentiner. Fig. 1b, gives the struc- 
ture of an alloy containing 2.2 wt pet zinc, also 
showing the presence of excess zinc. Fig. le is a 
micrograph of a typical structure of the eutectic 
observed in several sections of the 2.0 wt pet alloy. 
In the 1.8 pct zinc alloy, fig. 1d, the definite presence 
of the primary indium can be noted. From these re-~ 
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Fig. 1—a. 4 pet Zn, 96 pct In, as cast. 


b. 2.2 pet Zn, 97.8 pet In, as cast. 
c. 2.0 pet Zn, 98.0 pet In, as cast. 
d. 1.8 pet An, 98.2 pet In, as cast. 


Etched with Villela’s Reagent. X100. 


sults, the value reported by Grobe and Rhines seems 
to be too high in zinc. 
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Slip Markings in Chromium 


by Earl S. Greiner 


eee hot working of chromium was first reported 
by Hunter and Jones,* who used small pellets 
of the material obtained by the reduction of chro- 
mium chloride with sodium. Later, the working of 
chromium at 600° to 1100°C was reported by 
Marden and Rich,’ and at 1250°C by Kroll.* The hot 
rolled material*® had a Brinell hardness of about 150 
(62.5 kg, 2.5 mm ball, 1 min) and was brittle at 
- room temperature. Except for that associated with 
_ hardness indentations, no plastic flow in chromium 


at room temperature has been reported to the 
author’s knowledge. Studies described here have 
shown slip markings in chromium after deforma- 
tion at room temperature. 

The specimen was prepared from electrolytic 
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Fig. 1—Slip markings in chromium. 
a. Dark field illumination. X800. 
b. Electron micrograph. X6000. 


Reduced approximately five-eighths in reproduction. 


chromium containing 0.04 pct Fe, 0.01 pct C, 0.01 
pet Cu, 0.01 pct Pb, 0.02 pct S, 0.02 pct H:, 0.01 pct 
N., and 0.45 pct O.. The material was first melted 
under hydrogen (oxygen-free, and dried at —195°C) 
in a beryllium oxide crucible and, after solidifica- 
tion, was further treated with hydrogen at 1500° 
to 1600°C for 1 hr, then with purified helium at the 
same temperature and for the same duration. The 
hydrogen contained a small quantity of nitrogen 
which was not removed. The ingot was crushed to 
powder, pressed into a compact, and sintered by 
heating at 1300° to 1400°C in hydrogen for 1 hr, 
then in purified helium for % hr. The treatment in 
hydrogen decreased the oxygen content of the 
chromium;* that in helium partially decomposed the 
nitrides.” The compact was then compressed be- 
tween hardened steel blocks, at room temperature, 
from a thickness of 0.235 to 0.165 in.; annealed 
alternately in hydrogen and helium at 1300°C; 
further compressed to a thickness of 0.139 in. and 
- re-annealed in the purified atmospheres at 1300°C. 
A surface of the specimen was mechanically polished 
for metallographic examination and the sample then 
compressed (between steel blocks) from 0.139 to 
0.123 in. (11.5 pet reduction) with the polished sur- 
face being placed so that it was parallel to the axis 
of compression. 

The slip markings developed on the polished face 
by compression, as observed at X800 with dark 
field illumination, are shown in fig. la. Greater de- 
tail is revealed in fig. 1b, an electron micrograph 
(X6000) obtained by the silica replica method.° 
The markings, after elimination by polishing, were 
not restored by etching. 

The wavy markings in fig. la suggest that more 
than one slip plane is operative in chromium at 
room temperature. These planes have not been 
identified. A multiplicity of slip planes has been 
observed in alpha iron’ which has the same struc- 
ture (body-centered cubic) as chromium. 

It is conceivable that the slip markings, fig. 1b, 
are a group of slip lines which were not resolved 
in the orientation of the silica replica used for this 
electron micrograph. Slip lines having a separation 


distance of about 100 atom diameters were observed 
in aluminum by Heidenreich.* 

The method of deformation, compression between 
hardened steel blocks, was probably important in 
relation to the result obtained. The surfaces of. 
these blocks were smooth but not polished. Thus, 
the resulting stress system consisted of the compres- 
sive stress normal to the surfaces of the steel blocks 
in contact with the chromium, and also com- 
pressive stresses parallel to these surfaces in the 
vicinity of the contact faces, as a result of friction. 
The effect is to decrease the tensile stress normal to 
the shear planes in the region of flow. Even though 
the critical normal stress for fracture (cohesive 
strength) in chromium may be low compared to the 
critical shear stress, this circumstance is favorable 
to shear flow. 

The brittleness of chromium, and the author’s 
failure to effect plastic flow in the material by roll- 
ing at room temperature indicate that the resolved 
normal stress, at this temperature, exceeds the 
critical value for fracture before the critical shear 
stress is attained. On the other hand, the successful 
rolling of chromium at 1250°C by Kroll’ and by the 
author at 1300°C suggests that, at these higher 
temperatures, the critical resolved shear stress has 
been reduced to a greater extent than the cohesive 
strength. This might be attributed to a change in 
operative slip system, or to a temperature-sensitive 
effect of impurities on the critical normal and shear 
stresses. The behavior may be analogous to that 
of alpha iron, for which the ratio of the critical 
normal stress for fracture to the critical shear stress 
decreases with decreasing temperature; thus ac- 
counting for the low-temperature brittleness.’ 

The results of the present investigation show that 
chromium can be deformed plastically at room 
temperature by compression combined with hydro- 
static pressure, to reduce the tensile component 
normal to the slip planes, as has been done with 
cast bronze, cast iron, marble, and sandstone.”® 
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Correction 


In the April 1950 issue: TP 2838 C. Experimental Operation of A Basic-lined Surface-blown Hearth for Steel 
Production by C. E. Sims and F. L. Toy. P. 702: The second line of the caption of fig. 4 should read in part, 
“First slag removed after blowing 2 min.” P. 704: The fifteenth line in the first column should read in part, 


“240 fps as in Heat No. 19, fig. 4.” 
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Development of Mechanical Puncher at the McGill Smelter’ 


by Leonard Larson 


Soe in the copper industry know that 
punching the tuyeres of a copper converter is a 
difficult, disagreeable, and at times a hazardous job. 
Knowing this, many men in the industry have given 
serious consideration to punching by mechanical 
means. As evidence of such consideration, a great 
many patents have been issued covering various 
mechanical devices or machines for doing this task. 

In 1942, as war-created manpower shortages be- 
came more acute, it became increasingly difficult to 
get men to punch tuyeres. Faced with this situation 
at the McGill smelter, it was decided that an all- 
out effort should be made to develop some sort of 
a mechanical punching device. The various patents 
were studied over thoroughly but none of the devices 
seemed suitable, all were discarded and it was 
decided to develop one, using the ideas of the per- 
-sonnel at McGill. 


* Pat. No. 2,432,996—Apparatus for Punching Tuyeres of Copper 
Converters and the Like—was issued to the author and Byron T. 
Berge, Mechanical Department Engineer, joint inventor, and 
assigned to Kennecott Copper Corp., Dec. 23, 1947. Patents cover- 
ing recent improvements have been applied for. 


Initial test work indicated that a separate punch- 
ing device should be attached to each tuyere. This 
meant that an adapter would have to be developed 
which would accommodate such a device; the 
adapter to be so constructed that it could be sub- 
stituted for the regular Dyblie valve head, and be 
punched either by mechanical means or by hand. 
Also a method for quickly attaching or detaching 
the punching unit would have to be devised. If the 
punching unit was attached to the adapter, then the 
punch rod and tip would have to remain inside of 
and reciprocate within the tuyere pipe. This last 
requirement meant that the punching device, the 
adapter, the piston rod, and punch rod must be in 
perfect alignment. The whole arrangement thus 
would become an integral part of the converter and 
would rotate along with the tuyere line to all the 
positions required for converter operation. If the 
puncher was to rotate with the converter, there was 

also a problem of limited clearance. The construc- 
tion of a device to meet all of these conditions im- 
posed many problems. 

In the latter part of 1942, two pieces of equipment 
were constructed and tried out under test-stand 
conditions. Both of these devices were very crude, 
but test-stand. operation indicated that progress was 
being made. Neither of the units was considered 
good enough to be attached to and tried out on a 
tuyere of an operating converter. 

In May 1943, work was started on another device 

and in August of that year it was attached to and 
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actually punched a single tuyere of a converter on 
an experimental basis (fig. 1). This unit was es- 
sentially a cylinder 3 in. in diam and about 15 in. 
long inside. Valve ports were so located as to pro- 
vide a 1-in. cushion on each end of the stroke. The 
cylinder ports were piped to a 34-in. four-way disk 
valve. High pressure air (90 psi) was delivered to 
the valve by means of a long hose, thus making it 
possible to supply air to the device at all operating 
positions of the converter. The forward and return 
punching strokes were accomplished by shifting the 
valve handle as required. With the %-in. valve, 
stroke velocities from 15 to 18 fps were achieved. 
Punching with this experimental arrangement was 
carried on for some time, but many difficulties were 
encountered. The punch rod tips often stuck in the 
tuyere accretion, indicating that more energy of 
some sort was necessary to avoid sticking the punch 
rod. 

To overcome sticking, experiments continued with 
a speeded up unit and although progress was made, 
troubles of various kinds continued to appear. On 
this unit, piston cup seals passed the -valve ports 
which proved to be of very poor construction. Also 
the piston, driven forward at approximately 28 fps, 
would often bottom metal to metal in the forward 
end of the cylinder causing both mechanical and 
operational trouble. Sometimes the punch rod and 
at other times the piston rod would break loose 
and be shot through the tuyere pipe into the con- 
verter. Bottoming and poor timing of valve reversal 
caused a bounce and a hesitation at the end of the 
forward stroke, with the result that the punch rod 


Fig. 1—First mechanical puncher installed and 
operated on a converter at McGill, August 1943. 
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tips still often stuck in the tuyere obstruction. Ex- 
perience over several months with this unit demon- 
strated that progress was being made, but it became 
evident that the unit was not practical and some- 
thing better would have to be developed. 
Experience indicated that a unit with self-con- 
tained D-type slide valves would be more practic- 
able. This new type unit, as constructed, had a 3-in. 
ID by about 15-in. long power cylinder, with a valve 
chest directly above. The valve chest contained two 
D-slide valves—one near each end. This new unit, 
called Model 4, was tried out on a single tuyere of a 
converter in November 1944 and performed more 
satisfactorily than the previous models. The inlet 
valve port was adjusted to give a forward stroke 
velocity of around 35 fps because previous ex- 
perience had indicated that this was fast enough 
to pierce the tuyere pipe obstruction successfully. 
Early in 1945, a special testing apparatus was built 
so that accurate measurements of stroke velocities 
‘could be made. The new testing machine not only 
measured and recorded the stroke velocities, but also 
determined the characteristics of the strokes. When 
the testing machine became available, the punching 
stroke of the Model 4 unit was checked for velocity 
and character. This machine or ‘‘kymograph” showed 
that the piston always bottomed on the forward 
cylinder head and usually struck the rear head on 
the return stroke (fig. 2). Kymograph recordings 
showed that manual stroke reversal was almost 


always slow, and that there was a pause and one or: 


more bounces at the end of the forward stroke. 

In spite of the troubles encountered, construction 
was undertaken on additional units of this model. 
In June 1945, five Model 4 units were attached to 
the tuyere adapters on one end of a converter. Two 
more units were available as spares, so it was hoped 
that five punchers could be kept in service on a 
three-shift basis on a converter. It soon became 
- apparent that the three-shift operation was too 
much for the units as constructed. Bottoming con- 
tinued to occur, and punch rod tips and even piston 
rods were sometimes shot into the converter. 

Since most of the breakage occurred on the for- 
ward stroke, it was decided to close off the forward 
valve port entirely, thus using the entire cylinder to 
form an air cushion. Results were surprising. The 
90-lb air pressure drove the piston rapidly forward 
to within an inch or so of the cylinder head where 
it stopped and reversed. With proper manipulation 


Fig. 2—Kymograph 


Oa, repel Eee pita recording of Model 4 
Us puncher stroke, 
March 1945. 


of the valve handle it was found that the piston 
would achieve a maximum forward velocity of about 
40 fps at a point near the end of the cylinder. Here 
it paused momentarily, made a double bounce of a 
few inches, then returned toward the starting point. 
The maximum velocity on the return stroke was 
about 17 fps (fig. 3-a). After many trials with the 
closed port unit, it was realized that manual re- 
versal of the valve handle could not be depended 
upon to produce a satisfactory punching stroke. 

In the late summer of 1945 work was started on 
the development and construction of a valve reversal 
mechanism which, it was hoped, would result in an 
“ideal” punching stroke. The accomplishment of 
such a stroke would involve perfect timing and the 
exact coordination of many moving parts. Finally, 
after months of work, many experiments, and the 
recording of hundreds of strokes, one Model 4 unit 
was rebuilt and a valve reversal mechanism in- 
stalled. This unit, after necessary adjustments, pro- 
duced a nearly perfect punching stroke (fig. 3-b). 
It was found that a back pressure of about 5 psi in 
the front of the piston was necessary to insure com- 
plete return of the piston. It also served the purpose 
of keeping the piston at rest in the rear end of the 
cylinder. 

With the proper valve opening, the unit recorded 
a maximum forward velocity of about 40 fps, about 
1/50 of a second delay for complete reversal, and a 
maximum return velocity of about 30 fps. Action of 
the device was essentially as follows: Pushing the 
valve handle opened the inlet port, thus forcing 
the piston rapidly forward. The air trapped in the 
fore end of the cylinder thus was built up to a 
pressure of several hundred pounds per square 
inch. Part of this air passing through a connecting 
duct, actuated a small piston which, in turn, dis- 
connected the handle and opened the valve to ex- 
haust. With an open exhaust port the high pressure 
cushion returned the piston rapidly to the starting 
position. Proper adjustment of the exhaust port 
allowed the piston to come to rest at the rear of the 
cylinder without a bounce. Thus manual forward 
movement of the valve handle together with the 
pneumatic valve reversal mechanism completed the 
‘Gdeal” punching stroke. 

On Dec. 7, 1945, the improved Model 4 unit, in- 
corporating all of the improvements noted above, 
was installed on a converter. This unit did a very 
good punching job and had less mechanical trouble 
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than the previous units, so work was immediately 
commenced on rebuilding all the other punchers. 
The punching performance of the rebuilt Model 4 
~ units was satisfactory, and the converter operated 
without delay or trouble traceable to mechanical 
punching. Results now indicated that mechanical 
punching of all tuyeres on a converter could be 
performed successfully. However, before attempting 
to equip an entire converter with punching units, 
it was evident that many more mechanical im- 
provements should be made. 
The rebuilt Model 4 units were necessarily poor 
in mechanical construction, and breakages continued 
to occur. This was particularly true of the auto- 
matic valve reversal mechanism as the shock caused 
by the quick valve reversal was very severe. So, 
although a number of units continued to function 
satisfactorily, experimental shop and design work 
continued with the idea of developing something 
mechanically better. A new unit called Model 5 
was completed and tested on a converter during 
October and November 1946. After some further 
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Fig. 4—Cross-sectional view of Model 6B puncher 
showing automatic valve reversal mechanism. 
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test work it was decided to build a new model along 
similar lines, but with a larger power cylinder. A 
new unit—Model 6—was constructed, and after pre- 
liminary tests were completed it was tried out on 
a converter the latter part of December 1946. This 
unit was much lighter than Model 4, and included 
many improvements in mechanical construction. The 
cylinders were made of 3-in. ID brass tubing. The 
heads were cast so that they could be machined 
readily, and the valve ports were incorporated in 
the rear head. The cylinders and heads were held 
together by four tie rods somewhat similar to paving 
breaker construction. 

Test-stand punching strokes along with practical 
operation on a converter made it possible to deter- 
mine faulty operation or the weakness of any part 
more quickly. There was a gradual improvement in 
construction, also in the durability of parts, and in 
April 1947 it was decided that 50 units should be 
built by some outside manufacturer. Practically all 
of the work to date had been done in the plant 
shops, but experience indicated that a manufacturer 
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with the proper experience, equipment, and facilities 
could make a better machine. 

The method of attaching the punchers to the 
adapters was not entirely satisfactory, so a new 
scheme was worked out. Necessary changes were 
made to one of the Model 6 punchers in order to 
attach this unit to a modified adapter by two side 
rods instead of by the stirrup arrangement used on 
the other punchers. Since the new method of at- 
tachment proved far superior, it was adopted and 
new drawings were made showing this change and 
other improvements in construction recently de- 
veloped. The latest development included changes 
in the choice of materials, and the inclusion of syn- 
thetic rubber “O” ring seals throughout. Tests with 
“QO” ring seals had demonstrated that, by their 
judicious use, puncher construction could be very 
much simplified and air leakage be reduced to a 
minimum. Drawings showing all of the latest de- 
velopments were now prepared for a new unit to be 
called Model 6A. Two of these punchers were com- 
pleted by a manufacturer late in December 1947. 

In January 1948, one of the Model 6A punchers 
was placed on a converter where it operated along 


Fig. 5—Mechanical puncher installation placed in 
service on Aug, 23, 1948. 


with the Model 6 punchers already in service. The 
new unit was adjusted for a forward stroke velocity 
of 45 fps, and operated for twelve weeks without 
a single failure of any kind. The other Model 6A 
unit was operated over 300,000 strokes (about the 
number of strokes it would make in 1000 days of 
service on a converter) on the test-stand in order 
to determine the durability of the various parts. 
Prolonged test-stand work indicated that minor 
changes should be made to two of the moving parts 
and that these should be made of a suitable alloy 
steel. Another set of drawings showing these and 
other minor changes was immediately prepared, and 
it was agreed that these drawings should be used 
for the manufacture of the 50 punchers previously 
ordered. The latest development was called Model 
6B (fig. 4), and the manufacturer was instructed to 
complete 50 punchers as quickly as possible. At 
last, after all the years of development work, all 
the tuyeres of a converter were to be equipped with 
mechanical punchers. 

The 50 Model 6B punchers arrived at McGill the 
latter part of June 1948. The necessary air con- 
nections were completed and the converter, with 
the complete mechanical puncher installation, was 
placed in service on the morning of Aug. 23, 1948 


(fig. 5). It is believed that the charge of blister 
copper produced in this converter on this date was 
the first in the history of copper smelting to be suc- 
cessfully produced in a converter with the punching 
operation performed entirely by mechanical . 
punchers. 

The converter with the mechanical puncher in- 
stallation has been in regular service, except when 
down for refractory repairs, from Aug. 23, 1948 
to the present time. Very little mechanical trouble 
and no delays to converter operations have been 
experienced. 

The mechanical puncher installation on this con- 
verter has been entirely successful and the disagree- 
able job of hand punching has been eliminated. 
Instead of avoiding this work, men now ask for and 
like the job of operating the mechanical punchers. 
One man can actually complete the 45 punching 
strokes in 30 sec. 

In addition to the many problems and difficulties 
encountered in the development work, there are a 
number of other points, particularly as to operation, 
that should be explained. With the mechanical 
punchers, the punch rod remains inside the tuyere 
pipe; there is no blow back, no waste of blowing 
air, and no loss in pressure during the punching 
stroke. The punch rod is reversed and returns so 
swiftly that no slag or metal follows the tip back 
into the tuyere pipe. Thus the end of the tuyere 
pipe is kept clean, and it is not necessary to ream 
after completing a charge of copper. 

With new refractory brickwork a punch rod long 
enough to penetrate 4 to 6 in. inside the converter 
is used. During operation, the end of the punch 
rod indicates the depth of penetration and a new 
rod of proper length is substituted as required. 
Punch rods often last for weeks, but in time become 
worn, burned, or bent. Long service is explained 
by the quick punching stroke which permits the tip 
to remain inside the converter only about 1/50 of 
a second. A worn or burned tip is re-formed, thus 
reclaiming the rod but making it a little shorter. 

Resistance to air flow, resulting from the punch 
rod remaining in the tuyere pipe, was investigated 
early in the development work. Tests proved defi- 
nitely then that it would not be increased materially 
if the area of the punching tip was not greater than 
the area of the annular ring between the tip and 
the inside of the tuyere pipe. 

In the first campaign with the complete puncher 
installation, iron tubing with an inside diameter 
of 1.69 in. was used for tuyere pipes. With this 
size tuyere pipe, punch rod tips 1.19 in. in diam, 
which had a cross section half that of the pipe, were 
used. The copper production rate with this combina- 
tion was 15 to 20 pct faster than hand punching 
for the same grade of matte. Air measurements 
made during the run confirmed the fact that blow- 
ing air input also increased about the same amount. 
In the next run, extra-strong pipe with an inside 
diameter of 1.9 in., and punch rod tips 1.31 in. in 
diam were used. With this combination it was found 
that blowing air input could be increased to any 
reasonable amount, the limitation being determined 
by slopping through the gas outlet. Perfecting 
operational techniques and experimentation with 
automatic puncher features has dictated use of the 
smaller tuyere for the time being, since the larger 
tuyere with attendant slopping is a problem in it- 
self. Experience to date with the mechanical puncher 
installation has been so favorable that another con- 
verter is now being so equipped. 
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The Effect of Alloying Elements on the 


Plastic Properties of Aluminum Alloys 


by J. E. Dorn, P. Pietrokowsky and T. E. Tietz 


The amount of solid solution hardening in aluminum alloys was found 
to be dictated by two factors: the lattice strain, and the change in the 
mean number of free electrons per atom of the solid solution. To obtain 
this correlation it was necessary to assume that aluminum contributes two 

electrons per atom to the metallic bond. 


ee the modern scientific method of analysis 
was first being formulated, Francis Bacon re- 
corded in his “Essays” (circa 1600) that “an 
alloy . . . will make the purer but softer metal 
capable of longer life.” During the intervening 
centuries voluminous data have been reported 
which demonstrate that the additions of alloying 
elements do in fact increase the hardness and 
strength of the pure metals. Nevertheless, the sig- 
nificant details of this problem on the unique effect 
of each element toward enhancing the mechanical 
properties of alloys only recently have been sub- 
jected to systematic scientific scrutiny. The major 
objective of this investigation is to determine how 
minor additions of alloying elements affect the 
plastic properties of polycrystalline aluminum al- 
loys. By means of such studies it is hoped to provide 
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not only data on the solution strengthening of 
aluminum alloys, but also a body of facts which will 
supplement the knowledge already available on the 
factors responsible for solution hardening in general. 

A review’ and analysis” of the existing data on 
the effect of solute elements on the plastic properties 
of solid solutions reveal that our current knowledge 
on solid solution hardening is somewhat meager, in- 
consistent, and inconclusive. Many of the incon- 
sistencies are undoubtedly attributable to the in- 
fluence of unsuspected factors, such as purity; or 
- uncontrolled factors, such as grain size, on the 
plastic properties of alloys. Nevertheless the follow- 
ing conclusions might be tentatively accepted: 

1. Addition of solute elements invariably in- 
-ereases the yield strength, tensile strength, and 
hardness of the host element. 

2. The rate of strain hardening, in general, in- 
creases with the concentration of the alloying ele- 
pe nent, 

3. The strengthening effect in ternary alloys is 
the sum of the individual strengthening effects of 
the two solute elements as measured in their binary 
alloys. _ eee 
4. The lattice strain is one factor that affects the 


strengthening of the alloy but it is not the only 
factor. A 

5. A second factor might be the difference in 
valence between the solute and solvent metals. 

All of the available evidence is in complete agree- 
ment with the first conclusion; the remaining con- 
clusions, however, are not in agreement with all of 
the published data, but, in each case, the major 
weight of the existing evidence favors these deduc- 
tions. 

Additional investigations will be required before 
most of these tentative conclusions can be accepted 
without reservation. In the following report an ex- 
tensive investigation of the plastic properties of 
binary aluminum alloys is described. This work 
was undertaken in an attempt to shed more light on 
the general problem of solid solution hardening. 

Materials for Test: Aluminum was selected as the 
solvent metal for the present investigation on the 
effect of solute elements on the plastic properties of 
alloys. This choice was made for several reasons: 
(1) There appears to be little fundamental data in 
the published literature on the effect of solute ele- 
ments on the properties of high-purity aluminum 
alloys. In view of the ever increasing economic im- 
portance of aluminum, such data would be of basic 
interest to the metallurgists concerned with the de- 
velopment of new aluminum alloys. (2) Aluminum 
is thought to be only partially ionized in the metallic 
state*® and consequently it might provide more com- 
plex relationships of the mechanical properties with 
the concentrations of the solute elements than more 
simple fully ionized solvents would reveal. (3) The 
data on aluminum alloys will provide a broader 
basis for correlations between the mechanical prop- 
erties of metals in general and the concentration 
and atomic properties of the solute elements than is 
now available. 

Some complications, however, attend the selection 
of aluminum: The solubility of the various elements 
in the alpha aluminum phase are quite restricted, 
and not always well known. Consequently, only 
dilute solid solutions are available for study. This, 
however, may be somewhat advantageous because 
the dilute solution laws presumably are simpler 
than those applying to concentrated solutions. In 
addition, strain-hardened pure aluminum is known 
to recover at atmospheric temperatures. Very likely 
its alloys exhibit slower recovery rates. Thus, the 
secondary factor of effect of alloying elements on 
recovery might complicate the data. Such compli- 
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cations, however, can be eliminated by testing at 
lower temperatures providing that the temperature 
is sufficiently low to prevent the supersaturated al- 
loys from experiencing strain-aging or precipitation 
hardening effects. The wide interest in, and the 
industrial importance of, aluminum alloys prompted 
the selection of aluminum as the solvent metal for 
‘this study in spite of the difficulties that might be 
encountered. 

The chemical compositions of the various alloys 
which were investigated are given in table I. Speci- 
mens for chemical analyses were taken from each 
melt just before pouring the ingot. All of the alloys 
except the Cu series were prepared from pure alu- 
minum A; the Cu series of alloys were prepared at 
a later date from pure aluminum B stock. Analyses 
for the major alloying constituent were determined 


Table I. Chemical Analyses of Alloys 


Weight Pct of Residual Impurities 


Alloying Atomic | Atomic 
Element Pct Number Si Fe Cu Mg Mn 
Aluminum A 0 (13) 0.003 | 0.003 | 0.006 |0.001 
Aluminum B 0 (13) 0.003 | 0.004 | 0.002 |0.0006} 0.001 
Magnesium 0.554 12 0.003 -| 0.003 | 0.007 
1.097 0.004 | 0.004 | 0.007 
1.617 0.003 | 0.004 | 0.006 
3.228 0.003 | 0.004 | 0.007 
Copper 0.029 29 0.003 | 0.004 0.0006} 0.001 
0.054 0.003 | 0.004 0.0007} 0.001 
0.101 0.003 | 0.003 0.0006} 0.001 
0.233 0.003 | 0.004 0.0006 | 0.001 
Zine 0.211 30 0.004 | 0.004 | 0.006 | 0.001 
0.402 0.004 | 0.005 | 0.006 |0.001 
0.755 0.004 | 0.005 | 0.006 |0.001 
1.616 0.003 | 0.005 | 0.007 | 0.001 
Germanium | 0.015 32 0.004 | 0.004 | 0.006 | 0.001 
0.033 0.004 | 0.004 | 0.006 | 0.001 
0.082 0.003 | 0.005 |} 0.007 | 0.001 
0.145 0.003 | 0.006 | 0.007 | 0.001 
Silver 0.025 47 0.003 | 0.005 | 0.006 | 0.001 
0.053 0.003 | 0.005 | 0.006 |0.001 
0.100 0.003 | 0.005 | 0.007 |0.001 
0.194 0.003 | 0.006 | 0.007 | 0.001 
Cadmium 0.012 48 0.004 | 0.005 | 0.006 |0.001 
0.029 0.004 | 0.005 | 0.006 |0.001 
0.043 0.004 | 0.005 | 0.006 |0.001 
0.065 0.004 | 0.005 | 0.006 |0.001 


by the usual chemical methods while the traces of 
impurities were evaluated by spectrochemical analy- 
ses. The authors express their sincere appreciation 
to the Aluminum Research Laboratories and their 
staff for preparing these alloys and making the 
chemical analyses. 

The various heats were melted in a plumbago 
crucible in an electric resistor furnace. After the 
high-purity aluminum was melted it was fluxed 
for 2 min with chlorine gas after which the high- 
purity alloying elements were added and a second 
fluxing treatment with chlorine gas of about 1-min 
duration followed. Immediately after sampling for 
chemical analysis each melt was poured at a temp- 
erature of 1325°F into a 1.5x7x8 in. tilt mold ingot. 

Each ingot was scalped and then preheated 6 hr at 
920°F prior to rolling to a nominal thickness of 


Table If. Homogenization Treatment 


Alloy Time Temperature 


Pure aluminum Homogeneous as received 


Magnesium 8 days at 820°F 
Copper Homogeneous as received 
Zine 16 hr at 700°F 

5 hr to 812°F 

8 days at 812°F 
Germanium 8 days at 773°F 
Silver 8 days at 1,017°F 
Cadmium 8 days at 1,017°F 


0.375 in. at 750°F. These slabs were then annealed 
for 2 hr at 650°F, cooled in air, and then cold-rolled 
to a thickness of 0.100 in. 

The original plan called for recrystallization treat- 
ment for each cold-rolled alloy at appropriate temp- 
eratures to obtain approximately the same grain 
size for each material. When small specimens of the 
various alloys were recrystallized and examined 
microscopically, it was noted that the etching was 
somewhat nonuniform, except for the pure alumi- 
num and the copper series. Suspecting that this 
might be due to chemical heterogeneity, all of the 
alloys, which exhibited nonuniform etching char- 
acteristics, were given a homogenization treatment 
as outlined in table II. The various temperatures 
were selected with reference to the solidus temp- 
erature of each alloy. After the above treatments 
uniform etching was obtained and sharp X-ray 
back reflection lines resulted indicating good 
homogeneity. 

Each alloy exhibited a somewhat different grain 
size after the above-mentioned homogenization 
treatment. Therefore, each homogenized alloy was 
cold-rolled from 0.100 to 0.070 in. thickness pre- 
ceding the recrystallization treatment for uniform 
grain size. After a preliminary survey of recrystal- 
lization temperatures, the final schedule for recrys- 
tallization shown in table III was adopted. All re- 
crystallization treatments were conducted in a salt 


Table III. Recrystallization Treatment and Grain Size 


Atomic Time, Tempera- Grain Size 
Alloy Pet Min ture, °F Mean Diam 

Mm. 

Aluminum A 45 925 0.53 
Aluminum A 30 850 0.33 
Aluminum A 10 800 0.21 
Aluminum A 0.5 800 0.13 
Aluminum A 2 775 0.11 
Aluminum B 15 800 0.26 
Magnesium 0.554 10 800 0.25 
1.097 10 800 0.28 

1.617 10 800 0.26 

3.228 10 800 0.27 

Copper 0.029 90 800 0.29 
0.054 75 800 0.29 

0.101 50 800 0.29 

0.233 60 800 0.30 

Zine 0.211 5 720 0.26 
0.402 10 720 0.27 

0.755 5 720 0.26 

1.616 4 720 0.26 

Germanium 0.015 30 700 0.27 
0.033 5 700 0.26 

0.082 30 700 0.27 

0.145 5 700 0.26 

Silver 0.025 30 700 0.31 
0.053 30 700 0.29 

0.100 30 700 0.29 

0.194 5 850 0.29 

Cadmium 0.012 20 750 0.29 
0.029 5 900 0.26 

0.043 30 850 0.31 

0.065 by 850 0.31 


bath furnace and the specimens were cooled in air. 
Grain size measurements were made by taking a 
linear count of the number of grains across the 
width of the specimen at 100 magnification. -The 
average of three counts was taken as the grain size. 

Testing Procedures: The tensile specimens were 
carefully machined from 0.070 in. thick sheet with 
their axes in the rolling direction. The reduced 
section of the specimen was 3 in. long and 0.250 in. 
wide; the central 2.00 in. of the reduced section 
was used as the gauge length. After machining, the - 
specimens were given the appropriate recrystalli- 
zation treatment for uniform grain size, and the 
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width and thickness of each specimen was gauged 
with a hand micrometer sensitive to -£0.0001 of 
an inch. 

The load was measured using a proving ring 
equipped with a dial indicator, and was sensitive to 
+12 lb. A rack and pinion strain gauge having a 
2-in. gauge length was used to measure elongations. 
Periodic calibrations showed this gauge to yield 
strains accurate to within +0.001 in. All tests were 
conducted at a true strain rate of approximately 
9.5x10~ per sec. 

The tensile tests at 78°K were conducted in a 
special container with the specimen in direct con- 
tact with liquid nitrogen. The 116°K test tempera- 
ture was obtained with the specimen in a “freon 12” 
bath. Liquid nitrogen was circulated through a 


coil of copper tubing in the freon bath. Solid freon _ 


formed on the coils and was allowed to melt during 
the tensile test, maintaining constant test tempera- 
ture. Tests at 194°K were conducted with the speci- 
men in a bath of acetone and solid CO.,, a screen 
restricted the solid CO, particles from direct con- 
tact with the specimen and extensometer. The ten- 
sile tests at approximately 295°K were conducted in 
the atmosphere. 


_ X-Ray Study of Alloys: The effects of preferred 


orientation upon the properties of metals have been 


extensively investigated. It is well known that such 
properties as yield strength, tensile strength, and 
elongation of polycrystalline alloys are dependent 
upon the degree of preferential crystallographic 
orientation. The possibility of the presence of dif- 
ferent degrees of preferred orientation in the tensile 
test specimens of the various alloys of this study 
was recognized and an X-ray study of all the alumi- 
num alloys was conducted. The tensile specimens 
that were tested at liquid nitrogen temperature were 
used for this investigation because they showed the 
greatest strain hardening and might, therefore, have 
developed the most pronounced preferred orienta- 
tion of grains. 

After each tensile test at liquid nitrogen tempera- 
ture had been completed, a back reflection X-ray 
picture of the specimen was taken. Because of the 
relatively large grain size of the tensile specimens 
it was necessary to place the specimens on a linear 
oscillator to obtain Debye-Scherrer rings on the 
back reflection pictures. Only two exposures of 
each specimen were made. In one, the X-ray beam 
of characteristic copper radiation was directed nor- 
mal to the rolling plane whereas in the other it was 


directed normal to the edge of the specimen. All 


of the alloys excepting those containing 0.029 and 
0.101 at. pct Cu, 0.043 and 0.065 at. pct Cd, and 0.015 
at. pct Ge indicated random grain orientation in 
this state. In the cases of the few exceptions the 
degree of preferred grain orientation was so slight 
that it was considered to be negligible. 


Precision Lattice Constants: One factor that is 
known to affect the amount of solid solution 
strengthening is the local lattice strain caused by 
the difference in the atomic radii of the host and 
foreign atoms. No exact method has yet been devised 
for determining the local lattice strains. As a first 
approximation the local lattice strain might be esti- 
mated by applying Vegard’s law to the known data 
on the atomic radii of the elements. Two possible 
sources of error, however, might be introduced by 
this procedure. First, Vegard’s law is known to have 
only approximate validity and, second, the atomic 
radius of a solute element might be a function of its 


environment in the lattice of the host element and 
thus differ from the radius of the element in its 
native state.“ It appeared to be desirable, therefore, 
to determine the change in lattice constant for the 
alloys under investigation directly, in order to meas- 
ure the lattice strains which they induce. Of course, 
this procedure provides a measure of the mean 
lattice strain rather than the local lattice strain. 
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Fig. 1—Effect of alloying elements on the lattice 
constant of aluminum. 


But it is expected that in binary alloys the local 
lattice strains are related in some simple manner 
to the mean lattice strains. Consequently, it might 
be justifiable to use the mean lattice strains in lieu 
of the local strains for the comparisons planned here. 

A 10 cm diam symmetrical precision focusing 
camera having a Bragg angle range from 54.7° to 
86.4° was used to determine the lattice parameters 
of the various alloys. The X-ray beam consisted of 
the unfiltered radiation from a copper target source 
powered with an XRD unit. 

Powders for X-ray specimens were prepared from 
the completely homogenized alloy sheets by filing. 
After particles larger than a 200 mesh were removed 
by screening, the powder was sealed in pyrex tubes 
and annealed for 1% hr at 485°F for relief of 
stresses. Spectrographic analyses of the powdered 
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Fig. 2—Effect of alloying elements on the lattice 
constant of aluminum. 5 
(Axon and Hume-Rothery.) 


specimens before and after annealing showed that 
no contamination by silicon occurred during the 
annealing. 

Films for the entire series of alloys of one element 
were cut from the same sheet of X-ray film in con- 
secutive order. Corrections for uniform film shrink- 
age were made by the utilization of calibration lines 
which were printed on all films prior to their ex- 
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Fig. 3—Effect of grain size on the true stress-true 
strain curve of pure aluminum A at four test tem- 
peratures. 


(Strain rate, 9.5x10-+ per sec.) 


posure in the 10 cm focusing camera. Furthermore, 
films from each series of four alloys of the same 
alloying element were developed simultaneously. 

Films were read with the aid of a low power 
traveling microscope which was actuated by a lead 
screw and calibrated drum mechanism. Errors in 
the lead screw pitch were measured with a Bureau 
of Standards calibrated meter bar, B.S. No. 4371. 
Consistent measurements of one thousandth of a 
Bragg degree were readily obtained. To keep the 
precision lattice constant results consistent with 
those reported in the literature, the wave length 
of the copper radiation used for calculations was 


Table IV. Precision Lattice Constants in kx Units 
Corrected to 25°C 


Alloy Atomic Pct ee do 
Aluminum A 4.0413(0) 
Aluminum B 4.0412 (6) 
Magnesium 0.554 4.0432 (6) 

1.097 4.0454(5) 
1.617 4.0474(9) 
3.228 4.0530(6) 
Copper 0.029 4.0411(0) 
0.054 4.0408 (7) 
0.101 4.0406 (9) 
0.233 4.0403 (8) 
Zine 0.211 | 4,0411(3) 
0.402 4.0409 (8) 
0.755 4.0407(1) 
1.616 4.0402 (0) 
Germanium | 0.015 4.0413 (0) 
0.033 4.0413 (5) 
0.082 4.0413(9) 
0.145 4.0414(9) 
Silver 0.025 4.0412 (8) 
0.053 4.0412 (9) 
0.100 4.0413 (1) 
0.194 4.0413 (1) 
Cadmium 0.012 4.0411 (6) 
0.029 4.0411(0) 
0.043 4.0410(6) 
0.065 4.0410 (6) 


evaluated in kx units. In order to determine the . 
average temperature for each exposure, a thermo- 
couple was placed just above the specimen in the 
focusing camera. The average variation in temp- 
erature during any one exposure was about+'s°C. 
All lattice constants were corrected to a standard 
temperature, 25°C, taking 23.1x10~ to be the value 
of the linear coefficient of expansion for all of the 
aluminum alloys; according to Hume-Rothery,” the 
difference in the coefficient of expansion among the 
various aluminum alloys is negligible if the temp- 
erature correction is less than 10°C. No corrections 
for the index of refraction were made. Extrapola- 
tion to a Bragg angle of 90° was accomplished by 
use of the method described by Nelson and Riley.” 

The precision lattice constants for all of the alloys 
that were studied in this investigation are pre- 
sented in table IV; included in this table are the 
lattice constants for the two different parent metals 
used in alloying, namely, pure aluminum A and 
aluminum B. The effect of concentration of the al- 
loying elements on the lattice parameters of alu- 
minum alloys is shown in fig. 1. 

A comparison between the results of Axon and 
Hume-Rothery,” which are reproduced in fig. 2, and 
the data of this investigation show in general a 
fairly good correlation, in spite of the slight dif- 
ferences in purity of the host aluminum that was 
used in the two investigations. 

The data recorded here and those presented by 
Axon and Hume-Rothery for the Al-Ag, Al-Zn, and 
Al-Ge systems show excellent agreement; further- 
more, the lattice parameters for each of these alloy 
systems is a linear function of the atomic percent of 


Table V. Change in Lattice Parameter for One Atomic 
Percent of the Alloying Element In kx Units 


Aa Aa 
Axon and Hume- Present 
Element Rothery Investigation 
Magnesium + 0.00345 + 0.00363 
Copper —0.00488 —0.00495 
Zine —0.000605 —0.00068 
Germanium + 0.00166 + 0.00138 
Silver 0.00000 0.00000 
Cadmium —0.00349 


the solute element. Whereas Axon and Hume-Roth- 
ery suggest that the lattice parameter for the Al-Cu 
alloys increases linearly with the atomic percent of 
copper and that the Al-Mg system yields a curvili- 
near relationship, the data recorded here indicate 
that the Al-Cu system gives a curvilinear relation- 
ship, while the Al-Mg system again gives a linear 
relationship. In view of the rather careful experi- 
mental determination of the lattice constants in both 
investigations and particularly in view of the small 
range of concentrations of alloying elements which 
were included in this analysis, it appears as if the 
nonlinear data are accidental and the relationship 
between lattice strain and atomic percentage for 
each alloy series is truly linear over the range of 
conditions investigated here. 

The results for the Al-Cd alloys indicate that the 
solubility limit was exceeded in the two highest con- 
centrations of this series. No additional X-ray lines 
for cadmium were observed in the diffraction pic- 
tures and no cadmium phase was detected upon 
metallographic examination. But these techniques 
might not have been sensitive enough for the detec- 
tion of the small amount of the precipitated cad- 
mium phase. The suspected solubility limit of cad- 
mium in aluminum, as determined from the present 
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lattice constant data, however, agrees well with the 
best available data reported by Mondolfo” for the 
Al-Cd system. Consequently, the data on the plastic 
properties for the two highest concentrations of 
cadmium must be deleted from comparisons of solid 
solution hardening. 

For purposes of future reference the change in 
lattice parameter for 1 at. pct of the various alloy- 
ing elements is given in table V. These data were 
evaluated using the best straight line through the 
experimental points. 


Experimental Results: The plastic properties of 
polycrystalline alloys are known to depend not only 
on the concentration of the various alloying elements 
but also on their grain size. Although Lacy and 
Gensamer™ have shown that the plastic properties 
of binary ferrites are rather insensitive to nominal 
variations in grain size, Frye and Hume-Rothery” 
indicated that the hardness of silver alloys is sensi- 
tive to changes in grain size. Inasmuch as aluminum, 
like silver, exhibits a crystallographically face- 
centered cubic structure, it was expected that its 
plastic properties might also be sensitive to rather 
small variations in grain size. In order to determine 
the effect of grain size on the plastic properties of 
aluminum alloys, the data presented in fig. 3 were 
obtained. Pure aluminum A was selected for this 
purpose and was heat treated in accordance with 
the schedule shown in table III to obtain the various 
grain sizes. It is immediately evident that the 
plastic properties of pure aluminum are very sensi- 
tive to grain size over the range of grain size, strain 
rate, and temperature which was _ investigated. 
- Obviously not only the initial flow stress but also 
the rate of strain hardening increases with decreas- 
ing grain size. The final point on each graph repre- 
sents the point at which the tensile specimen first 
experienced necking. Thus decreasing grain size 
also results in greater uniform strains in tension. 
Furthermore, the effect of decreasing grain size on 
increasing the flow stress of aluminum alloys be- 
comes most pronounced at the lowest test tempera- 
ture. 

Hollomon” has shown that the empirical relation- 
ship: 

(eae fe 


o—flow stress 

E=true plastic strain 
k=—flow stress at unit strain 
n—work hardening index 


where: 


is quite valid for many steels and also some non- 
ferrous alloys. When this relationship is valid the 
plastic properties of materials can be simply re- 
lated to the two parameters k and n. Lacy and 
Gensamer used this relationship advantageously in 
their investigations on binary ferrites. It was the 
original plan of the present authors to evaluate the 
effect of alloying elements in aluminum with their 
effects on k and n of eq 1. Unfortunately, as shown 
in fig. 4, this simple relationship is not valid for 
high purity aluminum. According to eq 1 the logar- 
ithm of the stress should be a linear function of 
the logarithm of the strain. As shown in fig. 4, how- 
ever, the logarithm of the stress is actually a curvili- 
near function of the logarithm of the strain. Con- 
sequently this simple approach to the evaluation 
of the plastic properties of aluminum alloys had 
to be discarded. Correlation with other empirical 
relations were attempted but none of them agreed 
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Fig. 4—Failure of the relationship o = KE” for 
pure aluminum A. 


well enough with the data to warrant their use in 
this investigation. Consequently, it became neces- 
sary to use the experimentally determined true 
stress-true strain curves directly as a basis for com- 
paring the effects of the various alloying elements on 
the plastic properties of aluminum alloys. 

The stress-strain curves for pure aluminum and 
for four compositions of each of the six different 
alloying elements were determined at four temp- 
eratures each. The stress-strain curves for the alu- 
minum-copper alloys at the four test temperatures 
are shown in fig. 5. Before any elaborate analyses 
were attempted on the data for the various alloy 
systems, it was considered advisable to ascertain 
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Fig. 5—Effect of copper on the true stress-true 
strain curve of aluminum at four test temperatures. 
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Fig. 6—Effect of atomic percent copper (29) on the 
flow stress of aluminum for various strains. 


how thoroughly self-consistent these data were 
among each alloy system over the range of tempera- 
tures which were investigated. 

The good internal self-consistency of these data 
was revealed by cross-plotting the flow stress as a 
function of the atomic percent of the added element 
for a series of strains. The values used in these plots 
were interpolated from the original true stress-true 
strain data. Since the average grain diameter of the 
alloy specimens was about 0.28 mm, the data used 
in these plots for pure aluminum were also taken 
for the same grain size. Representative cross-plots 
of this type are shown in fig. 6 for the aluminum- 
copper alloys. Inasmuch as the Al-Cu series were 
prepared from pure aluminum B, a slight additive 
correction was applied to the Al-Cu series in order 
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Fig. 7—Effect of test temperature on the flow stress 
of various aluminum alloys for a true strain of 
0.150. 


to permit direct comparisons with the remaining 
alloy systems. 

In order to ascertain whether the various alloys 
respond in an analogous fashion to changes in tem- 
perature, the flow stress for a strain of 0.150 was . 
plotted as a function of the test temperature for 
each alloy. In fig. 7 are shown typical plots of this 
kind for various concentrations of the different 
alloys. These curves reveal that the same qualita- 
tive trends of solution hardening are observed in- 
dependent of the test temperature. 

This uniformity of data suggests that none of the 
alloys which were tested exhibited any anomalous 
behavior which could be attributable to possibilities 
of precipitation hardening, strain aging, or anoma- 
lous recovery. If these phenomena are present, they 
do not appear to alter the relative order of the 
alloys with respect to their effects on solid solution 
strengthening. 

Discussion of Results: The cross-plots obtained 
from the true stress-true strain data revealed that 
the flow stress of binary aluminum alloys invariably 
increased with increasing atomic percentages of the 
solute elements. The effect of alloying elements was 
most pronounced at the lower concentrations and 
became less effective for the higher percentages of 
the alloying elements. Furthermore, alloying addi- 


’ tions not only increased the yield strengths of metals 


but also simultaneously induced greater rates of 
strain hardening. 

The uniform strain up to the point of inception 
of necking in the tension tests exhibited appreciable 
scatter. These data, however, indicated that the 
strains to necking invariably increase with decreas- 
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Fig. 8—Effect of lattice strains on the Meyer’s 


hardness number of copper alloys. 
(Frye and Caum.}2) 


ing test temperatures. On the other hand, the effect 
of alloying additions on the strain to necking is 
minor, being only slightly greater than the experi- 
mental scatter. In general, increasing concentrations 
of alloying elements appeared to reduce the uniform 
strain; but, probably due to scatter in these data, a 
few cases existed which showed contradictory 
trends. 

It would indeed be interesting to ascertain quan- 
titatively the effect of each alloying element on the 
flow stress of its matrix metal as a function of tem- 
perature. Unfortunately the theoretical bases for 
such comparisons are not available and all compari- 
sons that might be made at present are complicated 
by the effect of temperature of straining on the rate 
of strain hardening.* Nevertheless, a qualitative 
picture of this effect can be deduced from the data 
reported here. ; 

In general, straining at a lower temperature is 
known to induce a greater amount of strain harden- 
ing than that introduced by the same strain at a 
higher temperature. In spite of this fact, the in- 
crease in flow stress upon alloying, as measured at 


938—JOURNAL OF METALS, JULY 1950, TRANSACTIONS AIME, VOL. 188 


ken 
ra 


a fixed strain, is less at the lower test temperature. 


Consequently, the influence of solute elements on 
solution strengthening increases, without known ex- 
ception, with increasing temperature of test. 

Lattice strains are known to be one of the factors 
that is responsible for solid solution strengthening, 
Some of the earlier data on the effect of alloying 
elements on solution hardening seem to imply that 
other factors might also be effective in causing solu- 
tion hardening. The data obtained in this investiga- 
tion for the Al-Ag alloys reveal conclusively that 
this is indeed so. In spite of the fact that silver 
induces practically no lattice strain, it nevertheless 
causes appreciable solid solution strengthening. 

Some existing data suggest that a second factor 
is associated with the atomic period of the solute 


elements in such a way that the solution strengthen-~—~ 


ing is dependent solely on the lattice strain for all 
solute elements having the same ionic core, inde- 


' pendent of their valence, whereas elements from 


other periods exhibit appropriately different rela- 
tionships between solution hardening and lattice 
strain.” This viewpoint is unacceptable to the pres- 
ent authors; it is indeed more likely that the second 
factor is actually associated with the conditions of 
metallic bonding as evidenced by the difference in 
valency of the host and foreign elements. At least 
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Fig. 9—Effect of lattice strains on the Meyer’s 

ultimate hardness number of copper alloys. 
(Frye and Caum.12) ' 
this appears to be a more logical assumption and in 
addition it has partial confirmation when some of 
the best currently available data on solution harden- 
ing are correlated with the valence of the solute 
elements. 

Frye and Caum” determined the effect of various 
solute elements of the third period of the Periodic 
Table of Elements on the Meyer’s Hardness Number 
of copper alloys. The experimental values of Meyer’s 
Hardness Numbers, P, and P, for the alloys that 
were investigated are given as functions of the 
change in lattice parameter in figs. 8 and 9 where 


a (for impressions of unit diameter) 


4aD"” (for impressions equal to di- 


eet ee ameter of penetrator) 


a = load required to make an impression of 
unit diameter (1 mm) 

n — a measure of the rate of strain hardening 

D = diameter of the impressed sphere (4 mm). 


It is immediately apparent that the amount of solu- 
tion hardening is not solely a function of the lattice 
strain. 
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Fig. 10—Meyer’s hardness vs. a composite strain 

hardening function for the data of Frye and Caum. 


The results on solid solution strengthening of 
aluminum alloys suggested to the authors that solid 
solution hardening depends on both the mean lattice 
strain and the change in the average number of 
electrons per atom upon the addition of solute ele- 
ments. If the change in the average number of 
electrons is small, as is the case for dilute solutions, 
the effect of lattice strain and change in the number 
of electrons should be additive. Thus, the hardness 
of alloys would then depend on the function 


R=) AG sk | Av: | 


where 
Aa = the change in lattice constant 
Av J itomic Percent come (Valence of Solute- 


100 Valence of Solvent). 
The Meyer’s Hardness Numbers obtained by Frye 
and Caum” are plotted as a function of F in fig. 10. 

The value of k=1 was selected to provide good 
agreement between the data. For k > 1.5 or < 0.5 
considerably greater scatter was obtained. The 
rather excellent correlation between the hardness as 
a function of lattice strain and valence electrons is 
further supported by the results to be described in 
the main text of this report on the solution strength- 
ening of aluminum alloys. 

If two factors affect the plastic properties of alloys, 
it is quite possible that these factors will individu- 
ally have unique effects on the flow stress. It is 
conceivable that one factor, for example, might ex- 
hibit its major affect on the yield strength and only 
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Fig. 11—Stress-strain curves for various aluminum 
alloys at 295°K. 
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Fig. 12—Strain hardening equivalency of the vari- 
ous solute elements as based on the strain harden- 
ing of the aluminum-copper alloys. 


slightly modify the rate of strain hardening whereas 
the second factor might, in contrary fashion, cause 
a pronounced increase in the rate of strain harden- 
ing but only affect the yield strength in a minor 
way. If this were so, various combinations of initial 
flow stress and rates of strain hardening would be 
achievable by appropriate selection of alloying ele- 
ments. In fact each element might exhibit some 
unique effect on the plastic properties. In order to 
test this concept the general shapes of the stress- 
strain curves were compared in order to ascertain 
whether or not they are similar. A typical plot for 
this comparison is shown in fig. 11. In general the 
stress-strain curves for the various aluminum alloys 
appear to be members of a family of curves, sug- 
gesting that the effects of the various elements might 
be analogous. Only two minor exceptions are no- 
ticeable: Alloying with Cd and, to a lesser extent, 


Table VI. Flow Stress Values for Aluminum Alloys 
Containing Equivalent Atomic Percentages of Various 
Solute Elements 


True Strain 


Atomic 
Percent 
0.05 0.10 0.15 0.20 0.25 
295°K 
0.390 pet Zn 6,000 7,600 8,750 9,800 1,070 
0.194 pet Ag 6,000 7,650 8;700 9,500 
0.028 pet Cu 5,980 7,650 8,350 9,800 1,075 
0.043 pct Ge 6,250 7,800 8,700 9,700 1,050 
0.075 pet Mg 6,000 7,800 8,800 9,800 
194°K 
0.390 pet Zn 7,100 9,600 11,400 12,800 13,400 
0.194 pect Ag 7,500 10,000 11,400 
0.028 pct Cu 6,700 9,200 10,800 12,400 13,300 
0.043 pet Ge 7,200 9,600 11,100 12,400 13,400 
0.075 pet Mg 6,700 9,400 11,000 12,400 
114°K 
0.390 pet Zn 8,500 12,600 15,500 17,600 19,300 
0.194 pet Ag 9,000 12,700 15,300 17,250 
0.028 pet Cu 8,500 12,600 15,500 17,700 19,300 
0.043 pct Ge 8,800 12,900 15,500 17,400 18,900 
0.075 pct Mg 8,500 13,000 15,800 18,000 19,600 
189K 
0.390 pet Zn 9,600 15,700 20,000 23,400 26,200 
0.194 pet Ag} 10,200 15,500 20,000 23,300 25,700 
0.028 pct Cu 9,600 15,700 20,000 23,300 26,100 
0.043 pet Ge} 10,000 15,700 19,800 23,100 25,700 
0.075 pet Mg 9,700 15,700 20,000 23,800 26,200 


alloying with Ag appear to yield aluminum alloys 
that have slightly lower rates of strain hardening 
than is obtained in alloys of the remaining elements 
under consideration here. Since no change in lattice 
parameter of aluminum is detectable upon alloying - 
with silver, it is reasonable to suspect that the solu- 
tion hardening due to silver is attributable to a 
valency effect. Other alloying elements such as Cu, 
Ge, Mg, and Zn do not appear to induce unique 
plastic properties, whereas Cd, which has the same 
valence as Zn and Mg, appears to have a lesser rate 
of strain hardening than the remaining elements 
that were studied. Consequently, there is no basis 
at present for attributing the lesser rate of strain 
hardening of the Ag and Cd alloys to a valency 
effect. A possible cause of the slightly smaller rates 
of strain hardening of the Ag and Cd alloys is re- 
vealed by reviewing the grain sizes shown in table 
III. In general the grain sizes used in this investiga- 
tion for the Ag and Cd alloys were slightly greater 
than those of the other alloying elements. As shown 
in fig. 3, the rate of strain hardening is lower for 
larger grain sizes. Consequently, the smaller rates of 
strain hardening for the Ag and Cd series of alloys 
probably are partly attributable to grain size dif- 
ferences. 

In order to illustrate the approximate equivalent 
characteristics of the various alloys, the stress-strain 
data shown in table VI were assembled. These data 
were taken directly from cross-plots of flow stress 
as a function of atomic percent added element. The 
data for the Cd alloy could not be included in this 
series because the flow stress for the highest con- 
centration of Cd that was investigated fell below 
the values given in table VI. 

The data of table VI reveal that binary aluminum 
alloys containing the recorded atomic percentages of 
the various solute elements, have almost identical 
plastic properties. Although the alloy containing 
0.194 at. pct Ag strain hardens slightly less rapidly 
than most of the remaining equivalent alloys, its 
plastic properties are not drastically different from 
those of the other alloys. The various compositions 
of binary aluminum alloys that are recorded in 
table VI, therefore, represent equivalent composi- 
tions insofar as they cause equal solid solution 
strengthening over wide ranges of test temperatures 
and strains. 

Cross-plots of flow stress vs. atomic percent added 
element were used to determine the atomic percent- 
age of copper required to give the same stress-strain 
curve as each of the alloys. These data were plotted 
in fig. 12 in terms of the atomic percent of the alloy 
as a function of its copper equivalent, E. To illus- 
trate the significance of fig. 12 consider the highest 
datum for the Zn alloys. Comparison of the stress- 
strain data of the Zn alloys ‘with the Cu alloys re- 
vealed that an alloy containing about 1.6 at. pet Zn 
gave identical stress-strain curves at each temp- 
erature investigated as was obtained for an alloy 
containing about 0.1 at. pct copper. On this basis the 
equivalent E for copper is equal to its atomic per- 
cent and consequently is represented by a 45° line 
on the log-log plot of fig. 12. The various data for 
Zn and Ge also gave 45° lines illustrating that for 
these alloys, the linear relationship 


E = K XX (atomic percent) - [2] 


is valid; K being defined as the copper equivalent 
for 1 at. pet of the various solute elements. Only 
one datum each could be obtained for the Cd and Mg 
series of alloys. Inasmuch as Zn and Ge yielded a 
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linear relationship between their atomic percentages 
and the copper equivalent, and because over the 
small ranges of variables under consideration almost 
any functional relationship will become linear, 
straight lines at 45° to the coordinate axes were also 
drawn for these elements. The conclusive validity 
for this procedure will be substantiated later. 

It was not possible to obtain highly accurate 
equivalent values for the Ag alloys as shown by the 
scatter in these data due to the fact that they work 
hardened slightly less rapidly than the remaining 
alloys. Nevertheless a best straight line at 45° to 
the coordinate axes was also drawn through the 
scatter of the Ag alloy data. 

Reference to fig. 12 reveals that for equal atomic 
percentages of the alloying elements, copper causes 


the greatest solid solution strengthening, and that 


the remaining elements Ge, Mg, Cd, Ag and Zn are 
successively less effective for solid solution strength- 
ening. The value of K, which is the copper equiva- 
lent for 1 at. pct of the various elements, is given 
in table VII. In addition the chemical valence and 
the change in lattice parameter are also recorded 
for future reference. 


Table VII. Equivalent Concentrations for One Atomic 
‘ Percent of the Solute Elements 


Aa 

Solute K in kx units Atomic Val- 

Element per 1 At. Pct Number ence 
Copper 1.00 —0.00495 29 1 
Germanium 0.64 + 0.00138 32 4 
Magnesium 0.37 +0.00363 . 12 erases 
Cadmium 0.33 —0.00349 48 2 
Silver 0.15 0.00000 47 1 
Zine 0.071 —0.00068 30 2 


A preliminary survey of the data of table VII 
reveals that K is not a simple function of Aa per 1 
at. pct of the element, nor is it exclusively a simple 
function of the valence of the addition element. It 
would indeed be gratifying now to be able to as- 
certain what factors affect the K values. 

Mott and Nabarro™ have stated recently that the 
yield stress for solid solutions is given by the rela- 
tionship 


o = GS® [N* (in N)’] [3] 
where 
G =} shear modulus of elasticity 
1 Aa 
Be atti GAIN, 
a = lattice constant 
Aa/AN = the change in lattice constant per mol 


of the alloying element. 


This equation was derived on the basis of the dis- 
location theory appropriate for single crystals of 
dilute alloys in which local lattice strains might in- 
hibit the migration of a dislocation. A few checks on 
the accuracy of this theory were made with the 
present data on aluminum alloys in spite of the 
fact that the theory was formulated for single 
crystals. Unfortunately, this theory is not in quali- 
tative agreement with the present data. Perhaps 
the major reason for the failure of this theory is 
associated with the fact that it was predicated on the 
hypothesis that the amount of solution hardening is 
a quadratic function of the lattice strain only and 
that other factors such as valence are not significant 

factors in causing solid solution hardening. 


In view of the failure of the best theories that are 
available for correlating the effect of alloying ele- 
ments on solution hardening, it now becomes neces- 
sary to deduce what factors are significant directly 
from the experimental data. Toward this objective 
the values of K, the equivalent per atomic percent 
of the alloying elements, were plotted as a function 
of the absolute value of the change in lattice par- 
ameter per atomic percent solute, as shown in fig. 13. 
It is again immediately apparent that the values are 
not a simple function of the lattice strain. 

It appeared to be logical to assume that the K 
values depended not only on lattice strain but also. 
on the valence of the solute atoms. On the basis of 
this assumption, all elements contributing the same 


number of electrons to the binding of the metals 


should exhibit the same K values at equal lattice 
strains. Since the solutions under study here were 
dilute solutions and since the equivalent percentage 
of each alloy system increased linearly with the 
atomic percent of the solute atom, it was reasonable 
to assume that K for all elements of the same va- 
lence was also a linear function of Aa per atomic 
percent of the solute. A straight line was therefore 
drawn through the data for the elements having a 
valence of two, namely, Zn, Mg, and Cd, as shown in 
fig. 13. It is significant to note that this line also 
passes through the origin. Another straight line was 
then drawn through the data for the elements hav- 
ing a valence of one, namely, Ag and Cu. The 
straight line for the monovalent elements not only 
fails to pass through the origin of the coordinate 
system but it also has a greater slope than that for 
the bivalent elements. This suggests that the line 
for the quadrivalent elements, of which Ge is the 
only representative element that was investigated, 
also should have a different slope and different in- 
tercept at Aa = 0, from the other elements, as 
indicated by the broken line. 

Inasmuch as the lattice strain upon alloying 
aluminum with silver is negligible, the solution 
hardening caused by silver is probably attributable 
to the difference in valence between silver and 
aluminum. If then the value of K at Aa = 0 depends 
on the difference in valence between the host and 
solute elements, those elements having K = 0 at Aa 
= 0 apparently have the same valence as aluminum. 
Consequently, the data of fig. 13 suggest that alu- 


Fig. 13—Variation of the observed values of K with 
the absolute value of the change in lattice para- 
meter for 1 at. pet of solute element. 
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Fig. 14—Variation of flow stress with K X at. pet 
for strains of E = 0.05, 0.10, and 0.20 at 295°K. 


minum is bivalent in the metallic state since the 
line for the bivalent elements passes through the 
origin of the K-Aa plot. 

The choice of a valence of two for aluminum may 
at first be somewhat disconcerting. The agreement 
and order which will be shown to result from this 
choice for correlating the present data on solid solu- 
tion hardening will strengthen the utility if not the 
actual validity of this choice. But for the present 
it appears to be desirable to reflect on the possible 
existence of other data that also infer that the va- 
lence of aluminum in the metallic state might be 
anomalous. It is well known that the melting tem- 
peratures of the metallic elements in any normal 
period of the periodic table increase rather uni- 
formly with their atomic number. This normal in- 
crease, however, is not observed when considering 
the melting temperatures of Mg (12) and Al (13). 


Table VIII. Comparisons of Observed and Calculated 


K Values 
Alloy K Obs. K Cale. 
Copper 1.00 1.00 
Germanium 0.64 0.63 
Magnesium 0.37 0.37 
Cadmium . 0.33 0.36 
Silver 0.15 0.15 
Zinc 0.071 0.069 


As a matter of fact the melting temperature for 
aluminum is practically the same as that for mag- 
nesium suggesting that aluminum also has a valence 
of about two in the metallic state. Secondly, the 
atomic radii of the metallic elements decrease with 
increasing atomic number. The difference between 
the atomic radii of Mg (12) and Al (13), however, 
is less than normal for a change in valence from 
two to three. Here again the experimental evidence 
suggests that aluminum is ionized only partially in 
the metallic state. Such observations as these sup- 
port the contention that aluminum might actually 
contribute about two rather than three electrons to 
the metallic bond.* 


a ee ee as 
* After the draft of this report had been completed the author’s 
attention was directed to an article by N. V. Ageev and L. N. 
Guseva published in Bull. Acad. Sci. U.S.S.R., Classe sci. chim. 
(1945) 289-296, concerning the “Distribution of the Electron 
Density in Metallic Aluminum’. An abstract of this article reveals 
that “Comparison between the experimental (structure factor) 
curves and the theoretical curves drawn for Al+ and Al+++ leads 
to the conclusion that in the metal crystal lattice, Al is present as 
approximately bivalent ions’’. 


Assuming that aluminum contributes only two 
valence electrons to the metallic bond, the change in 
free electron concentration per atom for each atomic 
percent of a solute atom of valence v is given by 


v—2 
——————— 4 

Uae 00 [4] 
Since electronic hardening occurs when Av is nega- 
tive, as in the case of Ag, K is probably an even 
powered function of Av. But in view of the small 
changes in the average number of electrons per atom 
it will be appropriate to assume that K is not only 
a linear function of | Aa| but also a linear function 
of | Av |. 


Consequently, we assume that 
K=k,|Aa|+k,| Av | + ks | Aa |] Av | [5] 


Using the experimentally determined K values for 
pure aluminum, magnesium, silver and copper to 
evaluate the constants k, k., and k;, we find that 


K = 102 | Aa| +15] Av|-+ 7,000 | Aa || Av| [6] 


To check the nominal validity of this approach, the 
values of K for the remaining elements were cal- 
culated as shown in table VIII from the known 
values of | Aa| and | Av |. The rather good agree- 
ment between the calculated and observed values of 
K for Ge, Cd, and Zn suggests that this method has 
value. 

If now, the above procedure for isolating the 
factors responsible for solution hardening is valid, 
it should be possible to express the flow stress, o, 
for given strains and temperatures directly in terms 
of 


{102 | Aa | + 15 | Av'| + 7,000 |-+ 7,000 | Aa || Aw |} 
X (at. pct solute) [7] 


One such plot for atmospheric temperature and a 
series of strains is shown in fig. 14. Since the data 
for all of the alloys which were investigated here 
all fall on a single curve the concept is verified. 
Other plots of the flow stress vs. the factor of ex- 
pression (7) for all other strains and all other tem- 
peratures that were investigated show similar corre- 
lations. 


Conclusions 


1. Solute elements invariably increase the 
strength of alpha solid solutions. 

2. Additions of solute elements not only increase 
the initial flow stress but also induce greater rates 
of strain hardening. ; 

3. The uniform strain in tension testing appears 
to be only slightly affected by increasing alloying 
content of the solute element. In general the uniform 
strain decreases slightly with increasing alloying 
concentrations of a solute element. 

4. The effect of alloying additions in increasing 
the flow stress of aluminum alloys is more pro- 
nounced at atmospheric temperature than at any 
lower temperature. 

5. Lattice strains are one factor involved in solid 
solution strengthening. 

6. Other factors, presumably the difference in 
valence between the solute and solvent metals, are 
also present as evidenced by the Al-Ag alloys; silver 
causes appreciable solution strengthening in spite 
of the fact that it causes practically no lattice strain 
when dissolved in aluminum. 

7. Equivalent concentrations of the various ele- 
ments all yield approximately the same stress-strain 
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curves. The equivalent concentration for each ele- 
ment is a linear function of its atomic percent when 
the alloying addition is of the magnitude studied in 
this investigation. 

8. The equivalent concentration for any element 
can be calculated from E = {102 | Aa | + 15 | av | 
-++ 7,000 | Aa || Av |} x (at. pet solute) where 


Aa = the change in lattice constant per 1 at. 
pct solute, and 

Av = the change in the number of electrons 
per atom upon addition of 1 at. pct of 
the solute. 


9. Aluminum appears to contribute about two 
electrons per atom toward the metallic bond in its 
alloys. 
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The Densification of Pre-Reduced Copper Powder Compacts 


in Vacuum and in Hydrogen 


by Charles B. Jordan and Pol Duwez 


A STUDY of the increase in density of copper 
powder compacts as a function of the time and 
temperature of sintering has been previously re- 
ported The present note will describe the results 
of a series of experiments under conditions similar 
in all respects to those of the first series, except that 
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Fig. 1—Relation between time and reciprocal of 
temperature for various values of densification 
parameter; vacuum sintering. 


the copper powder was reduced for several hours 
in hydrogen at 500° or 600°F before pressing. 
The results were plotted, as in the previous paper," 
in terms of the variation of the densification para- 
meter o as a function of time and temperature. 
These curves are not qualitatively different from 
those shown in figs. 1 and 2 of ref. 1, and hence 
are not given here. The curves of constant o on a 
plot of log t vs. 1/T (where t represents time and T 
absolute temperature) are quite different, however, 
and are shown herewith as figs. 1 and 2. It is at 
once evident that these curves have a pronounced 
positive curvature and could not even approximately 
be represented as straight lines. Correspondingly, 
the densification of pre-reduced copper powder 
compacts cannot be described as a rate process 
governed by a single well-defined heat of activation. 
In view of this result, it appears that the slight 
curvature noted in figs. 3 and 4 of ref. 1 is significant. 
The situation may be described by stating that the 
value of Q (the molal heat of activation) increases 
during sintering, the effect being much more pro- 
nounced in the case of pre-reduced copper powder. 
For the latter case, the values of @ for a sintering 
time of % to 1 hr may be evaluated from the graphs 
of figs. 1 and 2 to be about 31,000 cal per mol for 
vacuum sintering, and about 46,000 cal per mol for 
hydrogen sintering. These values are much lower 


TIME (hr) 


75 8 85 9 95 10, 105 
i/T. (10 “/°K) 


Fig. 2—Relation between time and reciprocal of 
temperature for various values of densification 
parameter; hydrogen sintering. 


than those obtained from the straight line approxi- 
mations of ref. 1, which were 128,000 cal per mol 
for vacuum sintering and 80,000 cal per mol for 
hydrogen sintering. The effect of pre-reducing 
therefore has been to reduce considerably the value 
of Q at relatively short sintering times. This result 
is quite reasonable, for the oxide film must impede 
densification to a degree which is at first large, and 
decreases progressively as the film is punctured and 
broken up. It is also of interest to note that for 
pre-reduced powder Q is lower in hydrogen than in 
vacuum (for longer time as well as for the short- 
time values given above), whereas the reverse is 
true for powder which was not pre-reduced. 
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C. J. Osborn. P. 607, fig. 7: The abscissa should read “°K” instead of “°C”, 


944—JOURNAL OF METALS, JULY 1950, TRANSACTIONS AIME, VOL. 188 


The Properties of Some Magnesium-Lithium Alloys 


Containing Aluminum and Zinc 


by Robert S. Busk, Donald L. Leman, 
and John J. Casey 


The mechanical properties and the phase-temperature relation- 
ships of magnesium-lithium-aluminum, magnesium-lithium-zinc, and 
magnesium-lithium-aluminum-zinc alloys are presented. It is shown 
that the strengths of some of these alloys can be tripled by heat 
treating and aging but that the high strength is accompanied by 

brittleness and lack of stability. 


AGNESIUM-LITHIUM alloys are interesting 

because the hexagonal structure of magnesium 
can be changed into the more ductile and workable 
body-centered cubic structure by the addition of 
only 10 pct lithium.’ 

After Loonam’ determined that the ductility of 
the magnesium-lithium alloys is destroyed by even 
trace quantities of sodium, it was possible to prepare 
ductile alloys and study their mechanical properties. 
Jackson® and coworkers have ably described their 
results with both the binary and polynary magne- 
sium-lithium alloys. 

The present paper is a report of the mechanical 
properties of wrought magnesium-lithium-alumin- 
um, magnesium-lithium-zinc, and magnesium-lithi- 
um-aluminum-zinc alloys. 


Experimental, Procedure 


The alloys were made by melting 7 lb of mag- 
nesium in a steel crucible under a molten flux of 
75 pet LiCl + 25 pct Lik’ previously dried at 1600°F. 
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The metal was heated to 1300°F for alloying alu- 
minum and zinc and then cooled to 1250°F for 
adding lithium (sodium content: 0.01 to 0.04 pct). 
After the lithium had been alloyed, dry LiF powder 
was sprinkled on the melt to thicken the excess 
flux. After a 15 min holding period, the flux was 
skimmed off. Paraffin vapors were used to protect 
the metal as it was poured into 3 in. diam by 11 in. 
long magnesium molds. 

Billets were extruded into %g-in. diam rod and 
1/16x%4-in. strip; sheet was prepared from ¥%x 
%-in. extruded. strip, first by hot rolling and then 
by cold rolling 2 pct per pass. Hot rollability, or 
the temperature range through which the alloys 
could be rolled, was determined by rolling the strip 
two passes at 30 pct reduction per pass. Cold rolla- 
bility, or the percentage of cold reduction to cause 
detrimental cracking, was determined on 0.064-in. 
hot-rolled sheet. 

Standard ASTM procedures were followed to ob- 
tain the mechanical properties, using 0.2 pct offset 
for the yield strengths. 

The level of properties produced with commercial 
magnesium alloys using the procedure described is 
given in a previous publication.* 


Results 


Magnesium - Lithium - Aluminum System: The 
good workability of magnesium-lithium alloys is 
illustrated by the data in table I, which shows ap- 
proximately how the extrusion pressure decreases 
as the amount of cubic phase increases. 

Binary magnesium-lithium alloys are soft and 
weak, but aluminum raises their strengths con- 
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Table I. Initial Pressure Requirement of Magnesium- 
Lithium-Aluminum Alloys Compared to Commercial 
AZ80 Alloy 


Extrusion Pressure, psi 


Extrusion AZ80* 

Tempera- 8.5 Pct Al 
ture, +0.5 Pct Zn 3 Pct Li 7 Pct Li 12 Pet Li 

oF +0.2 Pct Mn +9 Pct Al* | +9 Pct Alj | +9 Pct Alt 

300 >140,000 >140,000 >140,000 106,000 
400 >140,000 >140,000 140,000 70,000 
500 140,000 127,000 117,000 46,000 
600 90,000 92,000 79,000 31,000 
700 64,000 68,000 54,000 


800 52,000 


*100 pct hexagonal. 
{ Mixture of hexagonal and cubic. 
£100 pct cubic. 


siderably as illustrated by the data in table II. The 
most striking feature of the cubic alloy is its re- 
sponse to a heat treatment at 700°F followed by a 
rapid quench. The compressive yield strength is 
raised to levels not yet attained by any other mag- 
nesium-base alloy. At the same time, the metal be- 
comes extremely brittle, to the extent that there is 
failure in tension before any appreciable plastic 
deformation occurs, resulting in a tensile strength 
much lower than the compressive yield strength. 
This extreme hardness and brittleness disappear 
rapidly after heating at temperatures as low as 
180°F; after only 16 hr, the properties are similar 
to those before heat treatment. These effects persist 
with 10 pct of hexagonal metal present, but largely 
disappear when as much as 40 pct hexagonal metal 
is present. 
The three characteristics of hardening upon heat 
treating and quenching, of extreme brittleness as- 
sociated with high strength, and of lack of stability 
of the high-strength levels upon heating at low 
temperatures are all typical of magnesium-lithium- 
aluminum alloys of predominantly cubic structure. 


Fig. 1—Electron micrographs of 
Mg + 12.5 pet Li + 10 pet Al. 


Heat treated 1 hr at 700°F, oil quench plus 

180°F aging. Methyl iodide etchant. 

X8000. Reduced approximately one third 
in reproduction. 


b X-ray Data Metallography 


a. Aged at room temperature only 


Cubic matrix, Rough back- 

high ground 

AILi, high Boundary par- 
ticles 


MgLizAl, trace Matrix fine ppte. 


b. Aged 4 hr at 180°F 


Cubic matrix, Rough back- 

high ground 

AILi, high Boundary par- 
ticles 


MgLisAl, some Matrix fine ppte. 


c. Aged 24 hr at 180°F 


Cubic matrix, Rough back- 

high ground 

AlLi, high Boundary par- 
ad ticles 


MgLizAl, high Matrix precipitate 


d. Aged 72 hr at 180°F 


Cubic matrix, Rough back- 

high ground 

AILi, high Boundary par- 
ticles 


MgLizAl, high Matrix precipitate 


Table III gives data for a series of magnesium- 
lithium-aluminum alloys, including wholly hexa- 
gonal (3 pct lithium), hexagonal plus cubic (7 pct 
lithium and 9 pct lithium) and wholly cubic (12.5 and 
16 pet lithium) types. Compressive yield strengths 
greater than 60,000 psi and values as high as 74,000 
psi are obtained. This degree of hardening depends 
upon both proper lithium and aluminum contents. 
As also noted by Jackson,® increasing lithium in- 
creases stability. Thus when 16 pct lithium is used, 
the values obtained after quenching are more stable 
than those obtained with 12 pct lithium, but the 
metal is very brittle. The data for cold-rolled metal 
are interesting in that the wholly cubic metal is not 
hardened by rolling at room temperature. This also 
was discussed by Jackson* and is generally true of 
cubic magnesium-lithium type alloys. 

The source of the hardening, brittleness, and in- 
stability of these alloys was investigated. It was 
considered that the hardening was most probably 


Table II. Effect of Hexagonal Phase on Properties of 
Extruded Magnesium + Lithium + 6 pct Aluminum 


Alloys 
Actual Pet 
Composition | qex- 1000 psi 
agonal 
Pct Li|Pct Al| Phase Treatment* Pct E/ TYS |CYS| Ts 
11.4) | 26:3 0 |As extruded 10 | 41 | 40 | 44 


lhr 700°F 0 67 | 44 
1hr 700°F + 16hr 180°F| 10 | 34 | 37 | 43 
1hr 700°F + 48hr1so°F | 20 | 31 | 31 | 49 


10.4 | 6.5 10 |As extruded 6 | 40 | 42 | 43 
1 hr 700°F 2 | 46 | 62 | 55 
lhr 700°F + 16hr 180°F| 17 | 35 | 38 | 46 
lhr 700°F + 48 hr180°F | 23 | 34 | 32 | 43 
9.9 5.5) 40 |As extruded 10 39 42 
1 hr 700°F 10 | 42 | 51 | 44 
lhr 700°F + 16 hr 180°F| 25 | 30 | 34 | 50 
lhr 700°F + 48 hr180°F | 23 | 29 | 33 | 40 


* Properties are for %-in. rod extruded at 450°F. The 700°F 
heat treatment was followed by a water quench. 


a ESE ee ee 
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Table III. Properties of Magnesium-Lithium-Aluminum Alloys 


Extruded Properties (1000 psi) 
36 In. Rod 
Comp. Yield Cold Rolled Properties 
‘ Strength 
poaeal 1/16x3/4 In. 
sre da Heat ere? pole 
ee preatee per Min eet 1000 psi Pet 1000 psi sities 
Pct Li|Pct Al |Treated*| 1800F |P ote Cold Pet Cold 
reate 80°F jPctE/TYS|CYS| TS | Ron | pete | Tys | cys | TS Roll | PctE | TYS | CYS TS ‘Roll 
2 i iE e 20 17 | 33 10 7 39 30 46 30 44 37 48 39 
: : tT 0 | 26 22 | 40 10 6 44 36 51 19 44 46 
26 357 12 | 33 | 29 | 47 3 6 39 32 48 9 40 ia 
|e | me |S [Sie elele | sl elelsile)slelels| «2 
20 4 
; 7 9 32 36+ 6 31 33 40 10 1 44 44 49 20 z : 2 Y aS 
: Z = ue 2 34 34 | 38 28 13 30 29 34 66 12 29 32 35 t 
4 ; ee = 35 STU 28 11 32 32 40 66 10 33 35 39 t 
2 : 8 2 2 ee os ao 28 8 —35 35 42 66 6 33 35 41 + 
"3 a a8 ae gee Soule 5 34 34 41 66 1 32 37 37 t 
9 12 35 34 3 | 36 40 | 45 oe 
12.5 2 29 24 16 | 31 35 | 35 28 15 26 25 
29 66 13 23 25 
oy i 49 32 1741.73 34 | 36 28 15 25 26 29 66 17 24 Shey 30 : 
ee : 67 39 13:51 582 35 | 36 28 18 27 23 31 66 15 25 28 30 + 
‘ 67 40 12 | 30 33° |) 35 28 18 26 27 31 66 15 25 28 29 t 
12.5 10 73 41 G7 s82 36 | 37 28 12 25 26 30 t 
12.5 12 74 40 32 1e33 34 | 37 28 10 24 25 30 66 11 25 28 30 t 
16 2 14 18 15. |-17 20 | 23 28 9 24 24 26 6 
6 8 25 26 
16 4 29 33 6 | 28 BAN S33 28 11 25 25 29 66 10 26 26 30 : 
16 6 42 48 1D yen ep) 35 | 36 28 13 27 26 31 66 12 QT 29 33 +t 
16 8 51 55 Taleo 34 | 35 28 12 27 27 31 66 12 27 28 34 + 
16 10 52 57 6 | 33 37 | 38 28 24 28 28 32 66 10 28 29 35 t 
16 12 54 52 4 | 32 34°| 37 28 8 28 28 33 66 6 28 29 35 t 


* Heat treated 1 hr at 700°F. 
7150 hr at 150°F. 
¢ Greater than 70 pct. 


an age-hardening phenomenon and X-ray diffrac- 
tion was used to determine whether any phases were 
present that would be expected to contribute to the 
hardening found. Table IV gives the phases found 
as a function of heat treatment for a magnesium —- 
12.5 pet lithium + 10 pct aluminum alloy. AlLi is 
‘a body-centered cubic compound with a B32 struc- 
ture (NaTl type). MglLi.Al is derived from the B32 
(Alli) structure by replacing half of the aluminum 
atoms by magnesium atoms. It was assigned the 
tentative formula MgLi- LiAl by Jackson.* It is 
believed that MgLi,Al is the hardening phase since 
analysis of reflections from single grains showed 
that the (100) planes for MgLi.Al are parallel to the 
(100) planes for the magnesium-lithium solid solu- 
tion, and since the lattice dimensions of MgLi,Al 
differ from the matrix by about 5 pct. 

Table IV shows that under equilibrium conditions 
this composition is apparently single phase (cubic 
solid-solution) above 750°F, is two phase (cubic 
solid-solution plus AlLi) from 300° to 750°F, and 
also two phase below 225°F (cubic solid-solution 
plus MgLi.Al). Assuming this is correct, there must 
be a three phase region between 225° and 300°F. 
This most probably consists of cubic solid-solution, 
MegLi,Al, and AILi. It is believed that the poor prop- 
erty stability at low temperatures is related to the 
low temperature at which the hardening phase 
(MgLi,Al) transforms to AILi. 

When the magnesium ++ 12.5 pct lithium -++ 10 pct 
aluminum alloy is in the fully hardened condition, 
the brittle fracture is at the grain boundary. One 
specimen was prepared with a grain size of 0.05 in., 
heat treated 1 hr at 700°F, quenched, and fractured. 
A single grain was then removed from the fractured 
surface. This grain could be compressed to a flat 
disc without cracking. A second grain was removed, 
compressed 10 pct, sealed in an evacuated tube, re- 
heated 15 min at 700°F, and quenched. When this 
grain was compressed, it fractured immediately 


along the new boundaries formed by recrystalliza- 
tion and grain growth. Once the fractures had 
separated the grains, each individual grain com- 
pressed without further cracking. Thus the cause 
of embrittling is localized at the grain boundary and 
is something that forms as the boundaries are 
produced. 

Analyses of etching solutions that had been in 
contact with fractured and sawed surfaces of both 
brittle and ductile material, indicated that there is 
a tendency for the fracture of the brittle alloy to 
seek out higher sodium regions. Since the fracture 
is at the grain boundary, there is apparently some 
concentration of sodium at the grain boundaries. 

The electron micrographs in fig. 1 give evidence of 
the concentration of something at the grain 
boundaries. : 


Table IV. X-Ray Diffraction Data on a Magnesium + 
12.5 pet Lithium + 10 pet Aluminum Alloy 


3g-in. rod extruded at 450°F—3 ft per min. 


Phases Present 


Heat AlLi MgLicAl 
Treatment* A = ~6.40A4 A = ~6.7A 
1 hr 700°F High Trace 
1hr 700°F + 24 hr 225°F High High 

1 hr 750°F None High 

1 hr 800°F None High 

1 hr 800°F + 24 hr 225°F None High 
1hr 800°F + 1hr300°F High Trace 
1hrs800°F + 1hr400°F High None 
lhr 800°F + 1hr500°F High None 
1hr 800°F + ihr 600°F High None 
1hr 800°F + 1 hr 700°F High Trace 

(Somewhat 
lower) 


* AJl specimens were quenched in cold water after a heat treat- 
ment higher than 300°F. 
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a 
Fig. 2—Structure of Mg + 5 pet Li 
+ 4 pet Al + 3 pet Zn. Solution 
heat treated and aged condition. 
Reduced approximately one third 
in reproduction. 
a, c, e. Photomicrographs. Phospho picral 
etchant, X1000. 
b, d, f. Electron micrographs. Methyl 
iodide etchant. X8000. 
a,b. Hotrolled + 4% hr at 700°F. 
c,d. Hotrolled + 4% hrat 700°F + 24hr 
at 225°F. 
e, f. Hot rolled + Y%hrat 00°F + Lhr 
at 400°F. 
Cc d 
e f ‘ 
Table V. Properties of Magnesium-Lithium-Zine Alloys 
Cd see ees liad ae ae Heat Treated} HT +5 days 95°F HT +48 hr 180°F Hot care 
sition. , . Rolla- | Rolla- 
___ 1000 psi 1000 psi 1000 psi 1000 psi bility bility, 


Rolling Pct C 
Pet Li | PetZn | PetE | TYS|CYS| TS | PctE | TYS|CYS| TS | PctE | TYS|CYS| TS \PctE | TYS|CYS| TS Range (°F) Roll 


3 3 25 20 | 19 | 33 10 1 
0 _ 
3 ag Rar rR to 12 is 200-000} ee 
3 9 20 27 | 27 | 41 17 17 400-600 41 
7 3 26 | 22 | 25 | 29 17 
19 = 
pe a 4 ee 
33 = 
7 12 11 | 30 | 33 | 37 2d ar3e "ie 28 30 -[-aa| 45h sooteas ey 
7 14 39 | 40 | 46 2 | 46 | 47 | 66 5 | 49 |-45 | 63 | 26 32 | 35 | 44 | 200-600 
7 16 Bee yeaa 1 | 60 | 52 | 67 2.|.52=| 49 | 64° | 25 30 | 33 | 42 | 200-600 
q 20 3 44 | 44 | 51 0 | 60 | 62 |-65 #59 | aa. to oe 12 34 | 37 | 48 | 300-600 
7 25 : 46 | 47 | 50 0 75 | 59 0 54 | 70 | 64 | 9 35 | 35 | 45 | 400-600 
55 0 86 | 51 0 73 | 58 | 2 37 | 39 | 44 | 500-600 
10 8 5 | 49 | 54 | 53 5 | 43 | 43 | 46 
35 25 = 
10 | 20 3 | 43 | 54 | 52 | 0 50 | 46 Bs clipe epes| aa | waeeeey 
10 12 4 50 | 52 a4 0 53 | 38 29 23 | 29 | 37 | 200-600 
ic ua 2 pe aces ) 60 | 41 0 59 | 37 | 30 29 | 33 | 39 200-600 
10 16 5 51 oe 74 | 35 | oO 34 | 20 34 | 36 | 42 | 200-600 
10 20 4 30 | 54 | 56 0 74 | 33 | oO 32 | 5 37 | 41 | 49 | 200-600 
10 25 2 40 | 48 0 68 | 40 | 0 si | 45 | 11 37 | 38 | 49 | 300-600 
0 71 | 35 0 63 | 39 0.5 | 38 | 41 | 46 | 600-600 
12 3 31 19 | 19 | 24 15 | 
12 6 16 SL oleae) 36 20 lege : ehdiong af 
ee ee Ry Bele i 55 200-900 | 70 
35° | 87 es 
12 12 6 43 | 54 | 46 0 43 | 34 Be a 2 x Speen 
16 6 21 17 | 18 | 24 | 24 | 16 | 17. | 93 
16 8 19 ig | 20 | 26 | 17 | 18 | 19 | 25 Ba ie | ig peo besor eee 
16 10 17 | 21 | 22 | 28 | 14 | 20 | 21 | 26 be Nog) | a1! | ae | sancrece 
16 12 15 | 23 | 24 | °30 9 | 23 | 23 | 27 22 22 | 23 | 30 San eee 


Mi Sean a. ee ec al eee ara 
* Rod extruded at 5 ft per min at 450° to 500°F. y 
+ Heat treated or HT = % hr 700°F, cold water quench. 


ome eae TIC Pc. aks PU Ree eon Lane hla RI i ee a 
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Fig. 3—Structure of Mg + 5 pet 

Li + 4 pet Al + 3 pet Zn. Solu- 

tion heat treated, cold rolled, and 
aged condition. 


Reduced approximately one third 
in reproduction. 

a,c, e. Photomicrographs. Phospho picral 
etchant. X1000. 

b, d, f. Electron micrographs. Methyl io- 
dide etchant. X8000. 

a,b. Hot rolled + 1% hr at 700°F + 10 
pet cold roll. 

c,d. Hot rolled + 1% hr at 00°F + 10 
pet cold roll + 24 hr at 225°F, 

e,f. Hot rolled + 1% hr at 700°F + 10 
pet cold roll + 1 hr at 400°F. Cc 


> 


These experiments, it is believed, show that the value, and if the proportional limit of the metal is 
brittleness is due to an envelope of Alli and some __ below this value, plastic deformation can occur. If, 
concentration of sodium at the grain boundary. The however, the proportional limit of the metal is above 
adherence of this envelope to the matrix has a finite this value, separation at the grain boundary will 

occur before plastic deformation can take place. 


Table VI. X-Ray Diffraction Data on a Magnesium + Magnesium-Lithium-Zine System: Although the 
properties of the magnesium-lithium-zine system 


7 pet Lithium + 16 pct Zinc Composition ; 

34-in. rod extruded at 450°F—3 ft per min_ (table V) are similar in most respects to those of the 
magnesium-lithium-aluminum, there are some dif- 

ferences. The hardening reaction is prominent even 

ee —- in the presence of 50 pct hexagonal metal; the 

Treatment*  MgLiZn MgLieZn strengths are higher; and the alloys are less brittle. 


Phases Present 


do = ~7.46A do = ~6.7A : : : 
: : oe Electron micrographs show that the grain boundaries 
; F are cleaner than those in the magnesium-lithium- 
¥, hr 750°F (base) Very low High ; & 
sae ee aoe ea aluminum alloys. 
4 hr 225° ery low ig : f 
teas : The X-ray data given in table VI show the mag- 
° 1 High : prea 5 B 
Base + the 300°F + 24 hr 225°F Very ee High -nesium-lithium-zinc system to be analogous in every 
i : . ae . . ae . m 
Base + 1hr4aooer “High ainda respect to the magnesium ‘lithium aluminum syste 
Base + 1hr 400°F + 24 hr 225°F High Trace with replacement of MgLiZn for AlLi and MgLi.Zn 
Base + 1hr500°F High Low for MgLi,Al. 
Base + lhr500°F + 24 hr 225°F High Low 2 ne in i 
: F Magnesium - Lithium - Aluminum - Zine System: 
Base + 1hr600°F High Medium ‘ 
Base + 1hr600°F + 24hr 225°F High Medium The alloys of the quaternary system are differen 
Base + 1hr 700°F High Medium from either of the ternary systems in that the most 
Base + Lhe 7oor 4 24h 225 °F Hugh wither interesting compositions are mainly hexagonal. 
e of heat treat- 
* All specimens were quenched in cold water after a heat treat- These alloys respond to the techniqu ; 
: ing, and then cold working followed by aging, as 


ment higher than 225°F. 
os = 
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Table VII. Properties of Rolled Magnesium-Lithium-Aluminum-Zinc Alloys 


1 


Rolled Properties 


Heat Treated* 


Heat Treated + 
Cold Rolled + 


Hot Cold 
; 48 Hr 225°F aie. Rolla- 
Cc sees bility bility 
ares 1000 psi 1000 psi 
Pet Pet Pet Bones ope 
Ga a Zn E TYS | CYS | TS E TYS CYS TS Range (°F) 
1 
TL 
1 24 16 23 19 26 200-700 
2 2 : ag | oe: i 27 15 27 22 34 200-700 48 
i 55 
15 29 13 28 24 34 300-700 
: : t i oH 15 30 14 31 27 38 300-700 Be 
; 3 3 22 23 15 33 EY 36 34 44 400-600 
- 40 
1 34 12 34 28 41 400-700 
: 2 : 30 oa i. 34 16 34 31 42 400-700 eS 
: 2 3 19 27 17 37 10 41 38 49 400-600 2 
2 68 
13 22 18 21 23 27 200-700 
2 0 ! 38 ty 13 28 14 28 29 Sh) 200-700 47 
= 54 
1 16 27 15 25 26 32 200-700 
: 5 1 34 19 17 30 25 29 30 37 300-700 45 
3 2 3 21 26 20 36 als) 38 36 44 400-700 35 
5 2 7 17 32 23 42 3 43 44 52 400-700 29 
; = 37 
23 18 32 14 33 oo 40 300-700 
4 t a 25 19 34 13 38 37 44 300-700 33 
2 4 3 17 30 22 39 6 45 45 53 400-600 29 
: 4 7 13 34 29 43 2 49 51 56 400-600 26 
32 24 41 3 49 49 54 400-600 26 
: é 3 3 34 30 44 2 47 51 54 400-600 25 
26 1 42 48 52 400-600 23 
2 2 : 12 50 1 49 52 55 400-600 23 
: 8 7 11 31 47 0 56 39 400-600 24 
3 8 12 3 40 46 0 6] 42 500-600 18 
36 31 49 0.5 53 57 60 400-600 22 
z 2 3 é 38 34 51 0 58 34 500-600 23 
15 27 32 41 14 33 34 4ly+ 200-600 49 
5 8 34 34 49 13 36 39 47 200-600 36 
7 33 32 46 6 Bs 42 49 200-600 36 
3 2 39 40 53 3 42 43 54 200-600 30 
15 30 25 39 2 oT, 43 46 400-600 33 
, : 3 10 36 34 46 2 46 47 53 300-600 29 
7 6 7 7 32 35 47 5 38 44 51 300-600 28 
i 8 1 6 31 33 43 0.5 46 53 51 400-600 29 
7 8 3 6 31 41 1 48 52 55 400-600 26 
7 8 7 53 34 36 44 1 50 55 56 400-600 25 
7 8 12 2 39 42 48 0 58 357 500-600 22 
7 12 5 4 37 46 1 51 55 55 500-600 28 
9 2 3 ‘ 12 41 43 43 16 25 28 34 200-600 64 
9 2 7 3 56 59 58 Dl 32 30 39 200-600 63 
9 4 3 3 51 56 57 15 31 St 39 200-600 49 
9 4 7 0.5 59 59 60 if 33 33 457+ 200-600 5 
9 6 3 4 46 47 53 11 29 32 39 200-600 32 
5] 6 7 it 51 52 60 6 36 37 47+ 200-600 10 
9 8 1 2 42 42 54 3 35 38 44 300-600 23 
9 8 3 2 43 41 53 53 33 37 44 300-600 23 
9 8 7 54 55 60 3 32 36 45 300-600 13 
9 8 12 0.5 53 52 63 2 34 41 47 300-600 8 
0 5 & 37 36 51 1 37 44 48 400-600 23 
9 1 
9 12 5 +2 37 37 51 1 42 45 48 400-600 24 


* Heat treated, % hr 700°F, cold water quench. 
7 Aged 24 hr at 225°F. 


illustrated by the properties of a magnesium ++ 5 pct 
lithium -+ 2 pct aluminum -+ 5 pct zinc alloy: 


1000 psi 
Pct E TYS CYS TS. 

1, Extruded + % hr 700°F 

+ water quench 24 26 25 38 
2. No.1+ 48 hr at 180°F 22 26 22 40 
3. Rolled + % hr 700°F 

+ 10 pct cold roll 12 39 35 46 
4. No.3 + 48 hr at 180°F 11 42 41 49 


The hardening phase in these alloys is (Al,Zn) Li, 
a compound with the same structure as AlLi but 
containing an indefinite amount of zinc. 


Marked differences exist between the hardening 
produced by aging directly from the solution heat- 
treated condition and that produced by cold rolling 
before the aging treatment. Fig. 2 shows the lamel- 
lar precipitate of (Al,Zn) Li, the formation of which 
is associated with little or no strengthening and a 
decrease in the percentage of elongation. However, 
strength does increase on aging metal which has 
been cold rolled. The precipitate is now in the form 
of discrete globular particles as shown iIn-figie3: 
Thus the (Al,Zn)Li phase can be made a hardening 


constituent in the magnesium-lithium-aluminum- 
zinc alloys. 
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The properties of a number of magnesium-lith- 
ium-aluminum-zinc alloys are given in table VII. 
Maximum properties in the cold-rolled and aged 
conditions occur at 5 and 7 pct lithium. When 9 pct 
lithium is used, the characteristics noted for the 
ternary systems are apparent. Maximum strength is 
obtained upon heat treating and quenching and the 
high-strength levels are not stable for extended 
periods at low temperatures. 

Although many of these alloys have stable 
strength and elongation values superior to those of 
the high-strength commercial sheet alloy AZ31h, 
they have low notch toughness. Magnesium -- 
5 pet lithium -++ 4 pct aluminum + 3 pct zinc, at a 
level of 45,000 psi tensile and compressive yield 
strength, has a notch bend energy value of 2.5 in.-lb. 


Even when processed to a strength level comparable. 


to that of AZ31h, the toughness is less than 11 in.-lb, 
the typical value for AZ31h.° 

The stress corrosion sensitivity of the magnesium- 
lithium-aluminum-zince alloys is also below normal. 
The sustained stress which will not cause failure 
for an extended period of time is less than 10,000 
psi. This value was determined in a rural atmos- 
phere using the spring-load tension test described 
by Loose and Barbian.° : 


Summary 


1. Lithium increases the workability of magne- 
sium-aluminum, magnesium-zinc, and magnesium- 
aluminum-zine alloys. This increase is caused by 
the cubic phase that lithium produces. 

2. -Magnesium-lithium-aluminum alloys have 
very high strengths in the hardened state accom- 
panied by extreme brittleness and lack of stability 
on heating at temperatures as low as 180°F. Mag- 
nesium-lithium-zine alloys are similar except that 
they are less brittle. = 

3. The precipitation of Mghi.X (where X is 
aluminum or zinc) on quenching from solution heat- 
treated condition produces the high hardness of 


TECHNICAL NOTE 


these alloys. The property instability is due to low- 
temperature agglomeration and growth of. the 
Mgli,X phase which is unstable above 300°F. 

4. A continuous envelope of AlLi at the grain 
boundaries causes the extreme brittleness of mag- 
nesium-lithium-aluminum alloys. A concentration 
of sodium at the grain boundaries is believed to 
contribute to the brittleness of both magnesium- 
lithium-aluminum and wmagnesium-lithium-zinc 
alloys. 

5. Stable high-strength properties, with good 
elongation but low toughness, can be obtained in 
hexagonal magnesium-lithium-aluminum-zine al- 
loys by precipitation of (Al,Zn)Li induced by heat 
treating and cold rolling. 

6. While many of the alloys studied have prop- 
erties superior to those of commercial magnesium 
alloys, further development awaits solution of the 
problems of temperature stability, brittleness, stress 
corrosion, and low toughness at intermediate 
strengths. 

References 


*G. Grube, H. Von Zeppelin, and H. Bumm: Das 
System Lithium-Magnesium. Ztsch. Electrochemie. 
(1934) 40, 160-164. 

2A. C. Loonam: Magnesium-Lithium Base Alloys. 
U.S. Pat. No. 2,453,444 (Nov. 9, 1948). 

*J. H. Jackson, P. D. Frost, A. C. Loonam, L. W. 
Eastwood, and C. H. Lorig: Magnesium-Lithium Base 
Alloys-Preparation, Fabrication, and General Char- 
acteristics. Trans. AIME, 185, 149-168; Jnl. of Met., 
Feb. 1949, TP 2534 E. 

*R. S. Busk and T. E. Leontis: The Extrusion of 
Powdered Magnesium Alloys. Trans. AIME, 188, 297- 
306, Jnl. of Met., Feb. 1950, TP 2763-E. 

5J. P. Doan and J. C. McDonald: The Notch Sensi- 
tivity in Static and Impact Loading of Some Magne- 
sium-Base and Aluminum-Base Alloys. ATSM. (1946) 
Preprint No. 18. 

®W. S. Loose and H. A. Barbian: Stress Corrosion 
Testing of Magnesium Alloys. Symposium on Stress 
Corrosion Cracking of Metals, ASTM-AIME. (1945) 
273-292. 


Correlation Between Electrical and Thermal 


Conductivity in Nickel and Nickel Alloys 


by Morris E. Fine 


HE electrical conductivity (c) and the thermal 
°c conductivity (K) of metallic conductors, as 
demonstrated by Smith and Palmer’ and Hume- 
Rothery,” are to a good approximation related by an 
empirical equation, K = Ao T -_ B, in which T is 
the absolute temperature, and A and B are con- 
stants, the Lorenz constant and the lattice con- 


ductivity. Strictly speaking, the lattice conductivity 
is not a constant, but to some extent depends upon 
the electronic conductivity. By plotting K as a 
function of oT, this equation has been proved to a 
ae Pe aE |e eH 
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good approximation for copper,’ iron,” aluminum,’ 
and magnesium’ alloys. Such plots are valuable be- 
cause they enable calculation of an approximate 
value for the difficultly measured thermal conduc- 
tivity. 

Fig. 1 is a K-oT plot for nickel and a number of 
nickel alloys derived from data existing in the liter- 
ature. The deviations of the data from the straight 
line in fig. 1 compare favorably with the deviations 
observed by Smith and Palmer* for copper alloys. 
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_Fig. 1—Relation between thermal conductivity and 
product of electrical conductivity and absolute 
temperature in nickel and nickel alloys. 


With several exceptions the deviations are less than 


cal 


yee deg C cm sec * 


The compositions (all face- 


centered cubic), temperature ranges, and sources of 
the data are given in table I. Deviations are ex- 
pected at very low temperatures especially in pure 
metals.” * In nickel, according to the data of Lees,’ 
the deviations become important below —125°C. 


Deviations are also predicted for nickel and other 
transition metals at high temperatures. Schoffield’s” 
data for nickel deviate increasingly from the 
straight line of fig. 1 as the temperature is raised 
above 304°C. However, at 691°C the deviation . 


eal 


28 ee NOnUnuSiaL 
deg C cm sec 


amounts only to 0.011 
deviations are noted for any of the alloys for which 


high-temperature points are plotted. 
Application of the free electron theory of metals 
to the electronic conductivities” * gives 0.581 x 10 


Table I. Legend for Fig. 1 


Symboi Alloy Temp. Range Reference 
© 99.9 Ni 40 to 100°C 11 and 15 
° 99.2 Ni 0 to 691°C 10 
x 99 (NA -125 to 18°C 9 
A 98.5 Ni 32°C 14 
e 2 Al, 2 Mn, 1 Si 100 to 500°C 11 and 12 
v 20 Cu 4k to 198°C 16 
Vv 40 Cu 52 to 194°C 16 
a 33 Fe, 13 Cr, 15 and 1000°C 13 

1.4 Mn, 0.45 Si : 
a 30 Cu 54°C 17 
* 10 Cr 100 to 500°C 11 and 12 
+ 20 Cr 100 to 500°C 11 and 12 
4 23 Fe, 16 Cr 100 to 500°C 1l and 12 
oO 20 Cr 32° 14 
Led 26 Fe, 12 Cr 32°C 14 
v 13.4 Cr, 8.5 Fe 15°C 13 


cal ohms 
(deg C)’* sec 


thermal conductivity and the product of the electri- 
cal conductivity and absolute temperature. The ob- 
served value in copper alloys is 0.571 x 10°. The 
value for A in nickel alloys, 0.510 x 10°, is in good 
agreement with these. The observed lattice con- 


for A, the ratio between the electronic 


cal 


Waprek : 02 
ductivity in nickel alloys, 0.0 Odea @ ern Seer eT is 


nearly the same as the value 0.018 observed in 
copper alloys. 
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The Electrical Resistivity of Titanium Slags 


by James L. Wyatt 


The specific electrical resistivities of titanium-containing slags, 
with iron oxide contents ranging from 2 to 30 pct, are reported. 
Values of resistivity are shown as a function of the iron oxide con- 
tent in the slags, and indicate that titanium slags are in general 
very low in specific electrical resistivity as compared with siliceous 

slags. 


HE smelting of ilmenite to produce a slag rich 
in titanium, with pig-iron as a byproduct, intro- 
duces new concepts in electric smelting metallurgy. 
Titanium slags are characterized by low electrical 
resistance, thereby requiring a different type of elec- 
tric furnace operation, and power supply sources 
substantially different from those encountered in 
normal steel melting and siliceous ore smelting fur- 
naces. This paper describes special apparatus for 
determining specific electrical resistivity of titanium 
slags, and reports the values obtained on slags en- 
countered in the process of smelting ilmenite ores. 
In an induction furnace under conditions approxi- 
mating normal furnacing operation, 25 general heats 
and 6 special standardization and comparison heats 
were run. Results indicate relatively low resistivity. 
Resistivity depends primarily on slag composition, 
and, to a lesser degree, on temperature. 

During the summer of 1947 a cooperative project 
between the National Lead Co. and the Bureau of 
Mines was conducted at Boulder City, Nevada, in 
the Electrometallurgical Laboratories of the Bureau. 
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The project involved smelting of ilmenite ores in 
electric furnaces, and has been reported in detail.’ 
The author participated as a member of the staff of 
the National Lead Co. during the entire campaign. 
One outstanding characteristic of the titaniferous 
slags, their apparently excellent and variable elec- 
trical conductivity, was considered sufficiently im- 
portant to warrant further study. 

Although little electric smelting of iron ores has 
been done in the United States, a certain amount of 
information is available for comparative purposes. 


Personal experience in smelting siliceous iron ores 
in electric furnaces furnished further information 
for comparison. In general, silicate slags are rela- 
tively poor conductors of electricity. Current flow 
during smelting operations may be maintained 
through a floating layer of coke on top of the slag 
bath, or through a bath of molten iron beneath the 
slag. Silicate slags are not sufficiently conductive to 
furnish a path for current passage when norma 
furnace voltages are used. 

Experimental smelting of a silicate iron ore was 
undertaken for comparative purposes. A fluid melt 
was not obtained until the FeO content was reduced 
to 15 pct. The resistivity increased as the FeO con- 
tent decreased, FeO compounds being the most con- 
ductive of the various oxides in such a normal slag 
system. The converse appears to be true in slags 
containing large percentages of TiO.. It has been 
found that titanium slags become molten with FeO 
percentages in excess of 30 pct, and that the con- 
ductivity becomes generally better as the FeO con- 
tent of the slag diminishes. This phenomenon was 
demonstrated in the furnacing operations at Boulder 
City. During the initial smelting period furnace elec- 
trodes could be held immersed several inches in the 
slag, with tap selectors set for a no-load voltage of 
70 v. As the FeO content decreased, the furnace 
electrodes would ‘walk up,” until at one point in 
the process the tips would break the surface and 
are on top of the slag. This was undesirable since 
direct arcing caused losses of important flux addi- 
tions. The slag compositions under study at that 
time were such that losses due to surface arcing 
sometimes caused viscous slags to be formed. Forc- 
ing the electrodes into the slag bath by manual con- 
trol to prevent surface arcing resulted in excessive 
power input and lack of control. Suitable low volt- 
ages were not available. 

Measurement of the electrical resistivity of tita- 
nium slags at various operating temperatures and 
slag compositions was undertaken. It was believed 
that this information would be of use in the design 
of electric furnaces suitable for smelting ilmenite, 
with voltages, electrode sizes, and electrode spacing 
adapted specifically to titanium slags. 
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Fig. 1—Electrode control and support 
assembly. 


A survey of pertinent literature revealed some 
enlightening information. Wejnarth,* prominent in 
the field of electrical conductivity, investigated iron- 
calcium and calcium meta-, ortho- and sesquisili- 
cates. He noticed sharp breaks in conductivity at 
the point of primary crystallization, and concluded 
that monosilicates were the best conductors. High 
percentages of iron oxide gave high conductivity 
values; alumina additions to slags in equivalent 
proportions decreased the conductivity more than 
either lime or magnesia. In general, Wejnarth con- 
cluded that the dark-colored oxides of heavy metals 
were very good conductors, and that light-colored 
oxides of light metals were poor conductors. 

Derge and Martin’ measured the electrical con- 
ductivity of blast-furnace slags, in an attempt to 
demonstrate the occurrence of ionic conductivity. 
In the alumina-lime-silica system, using graphite 
electrodes and crucibles, they obtained the values 
given in table I. 


Table I. Electrical Conductivity of Blast-Furnace Slags 


Temp, °C Resistivity, Ohm-cm 
1,441 5.557 
1,497 4.077 
1,529 3.218 
1,563 2.613 
1,607 1.986 


Thus an increase in temperature decreases the re- 
sistivity. Derge and Martin concluded that there 
was a certain amount of ionization, since an ionized 
fluid is characterized by this type of temperature- 
resistivity relationship. 

Sauerwald and associates’ experimented with elec- 
trolysis in the FeO-SiO, system, using an iron cruci- 
ble and a concentric iron electrode. Very pure iron 
was plated out, substantiating the ionization theory 
of Derge and Martin. 

Doelter® measured the electrical conductivity of 
molten silicates, principally hornblende, diopside, 
and augite. His experiments showed only an in- 
crease in conductivity with an increase in tempera- 
ture. 


Aiken,’ Beckman,’ Farup,* and others’” conducted 
experiments in electrolysis and measured the elec- 
trical conductivity of various systems, but none used 
alternating current. Further, with the single excep- 
tion of Martin, none of the researchers experimented 
at temperatures in excess of 1300°C. As far as the 
author knows, no one has ever attempted to measure 
the resistivity of a slag of varying composition and 
temperature, under conditions simulating those of 
electric smelting. 


Theoretical Considerations 


In a molten system, the electrical impedance be- 
tween two parallel electrode surfaces is directly pro- 
portional to the distance between them, and in- 
versely proportional to the cross-sectional area of 
the electrode surface exposed. Stated in the form of 
an equation: 
pL 
A 


Where R is the measured resistance across the 
electrodes. 
L is the distance between the electrode 
faces. 
A is the area of the electrode face. 
p is the specific resistance of the molten 
system. 


R = [1] 


Hence, to measure the specific resistance of a fluid, 
it is necessary to measure the distance between elec- 
trode surfaces, the electrode area, and the circuit 
impedance. Under experimental conditions of hay- 
ing graphite electrodes immersed in a molten bath 
of reducible oxides at 1500°C, direct measurement 
of electrical resistivity is extremely difficult. Elec- 
trode consumption and warpage are two of many 
factors that tend to complicate measurements under 
such circumstances. 

It sometimes happens that the difference between 
the absolute values of two quantities may be accu- 
rately measured even though the absolute value of 
the individual quantities themselves cannot be de- 
termined. In the present work, a bath resistance was 
measured with electrodes immersed a known depth; 
then, by immediately lowering the electrodes to a 
different depth, the bath resistance was measured 
once more. Under these conditions, 


Baa = and R, = a E234 
Subtracting eq 3 from eq 2, 
Ri — Ry = AR = . — [4] 
Solving for p, 
A;A, AR 
oA i 


Thus p, the specific resistance, could be determined 
by immersing the electrodes to two different, known 
depths, determining the difference in total circuit 
impedance, measuring the respective areas of the 
exposed electrode surfaces, and substituting in eq 5. 


Experimental Equipment 


Cylindrical graphite ‘rods % in. in diameter and 
12 in. long were selected as electrodes. Random 
measurements showed that the electrode diameters 
as received varied as much as 0.025 in., which could 
have introduced an error of up to 5 pct in resistivity 
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data. In order to assure uniformity in electrode 
dimensions, the lower 2 in. of each electrode were 
milled to produce a section 0.355 in. square. These 
dimensions were found to be accurate to within 
0.001 in. on all electrodes. 

A dual-purpose electrode assembly was designed 
and fabricated which allowed both individual ad- 
Justment and simultaneous movement of the elec- 
trodes in a vertical plane. Individual electrodes were 
actuated by means of a knurled hand screw feed. A 
maximum vertical movement of approximately 6 in. 
was possible. 

A pivoted fork on a sliding shaft arrangement 
permitted vertical movement of the electrode as- 
sembly through definite predetermined distances. 
Suitable stops were provided to insure accurate 


positioning. Fig. 1 illustrates the apparatus in posi-— 


tion on the induction furnace. 


Electric Bridge Circuit 


The electrical bridge circuit was patterned after 
the usual type of Wheatstone bridge, with a few 
minor exceptions. Alternating current was chosen 
in order to minimize complications caused by ioniza- 
tion of the slag. An oscillator whose frequency could 
be selected within the range of 0 to 30,000 cycles 
per second was selected as a current supply. A power 
transformer with an impedance of approximately 
1000 ohms was added to the power circuit. It was 
required because the oscillator was designed to 
power a circuit with internal resistance of the order 
of 1000 ohms. 

Little was known about the resistance of the slag, 
except that it was lower than that of silicate slags. 
Since values have been reported for siliceous slags 
ranging as low as one ohm, it was assumed that the 
titanium slag would be some fraction of one ohm. 
The two electrodes, together with connecting wire 
and clamps, had a circuit impedance of slightly less 
than one ohm. A total impedance of one ohm for 
each side of the bridge circuit was, therefore, chosen 
as an approximation. 

Maximum sensitivity of a bridge circuit, as given 
by Hague,” is obtained when all arms of the bridge 
circuit are equal. Therefore, a standard one-ohm 
_ resistor was chosen as the arm of the bridge balanc- 
ing the electrode circuit. The other two arms were 
formed by a variable rheostat-type resistance unit 
of approximately two ohms total impedance. This 
variable rheostat was calibrated from 0 to 1 in steps 
of 0.0005 units and could be interpolated to the 
nearest 0.0001 unit. A point contactor was used to 
divide the rheostat into two circuits. The bridge cir- 
cuit was balanced by adjusting the contactor until 
minimum current flowed across the bridge. The read- 
ing of the rheostat at the balance point constituted 
the third arm of the bridge. The fourth arm was 
determined by subtracting the value of this reading 
from unity. For example, if the bridge balanced at 
a reading of 0.5462, then arm four would be 1.0000 
— 0.5462, or 0.4538. To determine the impedance 
more accurately, readings of the cross-bridge cur- 
rent were taken on either side of the true balance 
point. An average of the two resulting values was 
considered the best possible reading obtainable. The 
current indicator across the bridge was a vacuum- 
tube voltmeter. 

A platinum—platinum-10 pct rhodium thermo- 
couple was selected to indicate temperature. The 
final thermocouple arrangement consisted of: (1) 
an outside protector tube formed by drilling out a 


1% in. graphite rod, (2) a thin-wall Amersil closed- 
end tube to prevent carbon contamination, and (3) 
a thermocouple, surrounded by standard spacers. 
This arrangement appeared to be sufficiently sensi- 
tive to temperature changes to allow an accurate 
measurement at the instant the resistance measure- 
ments were taken. 

Resistivity measurements were made during 
simulated smelting operations. The charge mate- 
rials used for these tests were taken from those 
used at Boulder City, and identical slag composi- 
tions were used. Analyses of the components are 
shown in table II. 


Table II. Analyses of Components of Charge Materials 


Ore Dolomite Limestone Coke 
Comp. Pet Comp.| Pct |Comp. Pct Comp. Pet 
TiOe | 38.70 | MgO |} 19.3 MgO 1.6 Fixed C 81.5 
FeO 28.20 CaO 29.8 CaO 53.1 Volatile 11.4 
FesOz | 19.90 SiO2 2.3 SiOz 0.8 Ash 4.1 
CaO 0.47 R:O3 2.0 R2O3 0.8 H2O 1.2 
MgO 4.00 [efe) 44.6 CO2 43.5 Ss 1.9 
SiOz 4.10 | H2O 0.4 H2O 0.2 
AlsO3 2.43 
Other} 2.20 
Table III. Analyses of Charge and Resulting Slag 
Slag Glass Slag 
Charge Constituents Constituents Phases 

Comp. Pet |Comp.| Pct |Comp.| Pct Comp. Pet 

Ore 100.0 |Glass | 16.8 |AlsO3 | 26.2 |(Fe,Mg)O-2 | 67.6 
TiOz + TiOe 
Limestone 11.1 |MgO 7.5 |CaO 30.3 |CaO-TiOz 15.6 
Dolomite 0.88 | CaO 6.5 |SiOe 43.5 |Glass 16.8 
Coke 12.4 |TiOe 67.3 
FeO 1.9 
Total | 100.0 |Total | 100.0 


Table III shows the charge and resulting slag. The 
glass phases proposed for table III are anorthite, 
wollastonite, and gehlenite..The composition of the 
glassy phase is not’ known exactly, because it did 
not crystallize into phases. 


Experimental Procedure 


The general procedure was to weigh out suitable 
quantities of the component materials, mix them 
thoroughly and place most of the burden in the 
furnace crucible. The initial charge was melted as 
quickly as possible, the remainder of the burden 
charged, and the whole mass brought to liquid 
temperature. An initial pasty stage was encountered, 
followed by a melt of high fluidity having an FeO 
content in the range between 30 and 35 pct and a 
melting point of approximately 1300°C. Increasing 
the temperature beyond 1370°C resulted in vigorous 
boiling and frothing, and inability to maintain the 
melt in the crucible. Table IV gives the approxi- 
mate temperature ranges for furnacing operations 
with various ranges of. FeO content. The “Boiling 
Point” indicates the temperature of vigorous boil- 
ing and frothing referred to above. 

Table IV also illustrates the relationship between 
the melting point and the FeO content of the slag. 
The figures represent recorded maximum and mini- 
mum temperatures taken from data sheets of all 
heats run. They serve to indicate that it was im- 
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practicable to obtain resistivity values for all com- 
positions of slags at exactly the same temperature. 
Values reported, therefore, must consist of aver- 
aged results from many measurements at various 
temperatures. 


Table IV. Temperature Ranges for Furnacing 


Operations 
FeO Content, Melting Point, “Boiling Point’, 
Pet °C °C 
30-35 1,300 1,370 
27-30 1,305 1,395 
24-27 1,350 1,435 
21-24 1,350 1,475 
18-21 1,385 1,505 
16-18 1,385 1,520 
14-16 1,390 1,525 
12-14 1,400 £5535) 
10-12 1,425 1,540 
8-10 1,440 1,600 
6- 8 1,450 1,600 
4- 6 1,460 1,700 
2- 4 1,460 1,700 
O- 2 


To determine the resistance of the molten mass, 
it was necessary to turn off the furnace power sup- 
ply. Thus, readings were taken as the temperature 
of the molten bath was decreasing. Successive sets 
of readings for each FeO content were taken, with 
‘an average temperature drop of 10° between read- 
ings. 

The technique developed for obtaining a re- 
sistance reading consisted of the following steps: 
(1) Lowering each electrode separately until it 
contacted the molten slag surface. (2) Lowering the 
electrode assembly until the electrodes were im- 
mersed 1 in. in the molten slag. (3) Determining 
and recording (a) the temperature of the bath, (b) 
the reading of the variable rheostat at unit voltages 
on either side of the balance point of the bridge, 
and (c) the FeO content of the slag, by sampling 
and analyzing the slag later. (4) Raising the elec- 
trode assembly to the limit of an inserted stop, 
leaving the electrodes immersed in the slag % in. 
(5) Repeating the resistance and temperature 
measurements, and recording the results. (6) Dupli- 
cating the above procedure, obtaining a second set 
of readings as a check. (7) Removing the electrodes 
from the molten mass by raising the electrode as- 
sembly. (8) Turning the furnace on, and allowing 
the charge to continue smelting until the next set 
of readings was taken. 


Resistivity Readings 


An average of 12 sets of readings was taken dur- 
ing each heat. Using the technique outlined, 24 
heats were run. A plot of the resulting resistivity 
values is shown in fig. 2. In this graph the re- 
sistivity is shown as a function of FeO, with av- 
erage temperatures indicated at various points 
-along the curve. The spread of the graph repre- 
sents partly temperature effects and partly the 
results of FeO content changes during the intervals 
between successive resistivity measurements. 

According to Derge and Martin, temperature has 
a profound effect on the specific resistivity of molten 
silicate slags. In order to determine the effect of 
temperature on titanium slags, one heat was run in 
which resistivity readings were taken as rapidly as 
possible over the complete temperature range for 
various FeO contents. A sample of slag was taken 
at the beginning and at the end of each series to 


ascertain the percentage change in FeO content 
during the period the readings were taken. It was 
found that the change varied from as little as 0.1 
pet to as much as 1 pct. The least change occurred 
during the measurements in the FeO range of 25< 
to 30 pct, while the greatest differential recorded 
was in the lowest range, namely, 2 to 10 pct FeO. 
This is natural, since the rate of reduction of FeO 
by carbon increases percentagewise as the heat pro- 
gresses. The increased temperature required to 
keep the bath molten with decreasing FeO content 
also tends to accelerate the reduction process. 

For purposes of comparison two groups of meas- 
ured values have been selected. They are shown in 
table V. One group represents minimum variance 
of resistivity readings, while the other represents 
maximum variance. It should be noted that the 
minimum variance group is in the relatively high 
FeO percentage range, with only moderate FeO con- 
tent change over the period during which the read- 
ings were taken. Conversely, the maximum devia- 
tion group is found in the lower FeO percentage 


Table V. Resistance of Titania Slags as a Function of 


Temperature 
Minimum Deviation Maximum Deviation 
FeO, Temp, Resist- FeO, Temp, Resist- 
Pet °C ance Pet °C ance 
20.32 1,458 0.799 10.46 1,498 0.823 
1,450 0.798 1,484 0.824 
1,437 0.799 1,475 0.826 
1,423 0.792 1,471 0.833 
1,418 0.794 1,458 0.842 
1,416 0.797 1,448 0.854 
1,411 0.799 1,440 0.865 
1,408 0.798 1,432 0.862 
1,405 0.798 1,420 0.859 
1,403 0.796 9.50 1,408 0.858 
19.89 1,399 0.798 


range, with a relatively high FeO content change 
during the period in which the readings were taken. 
Further cognizance should be taken of the tempera- 
ture range; the range in temperature of the mini- 
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Fig. 2—Specific resistivity of titanium slags 
as a function of FeO content. 
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mum variance series is 59°, while that for the maxi- 
mMuM variance series is 90°. 

These two series represent maximum and mini- 
mum variance in resistivity readings caused by 
temperature phenomena. All other groups lay 
within these limits. The results of these figures 
indicate that temperature has little effect on the 
resistivity of titanium slags under normal smelting 
conditions in an electric furnace. More specifically, 
it can be stated that no more than 5 pct change in 
resistivity will be encountered for 100° change in 
temperature. In view of this conclusion, it is per- 
missible, within reasonable limits, to consider the 
figures for the slag resistivity as though all meas- 
urements had been taken at the same temperature. 


Variable Factors 


It was necessary to evaluate several variable 
factors in order to arrive at the most accurate re- 
sistivity values. The major variable was caused by 
exposure of graphite electrodes to an oxidizing at- 
mosphere, as well as an oxidizing bath, for long 

A,A, AR 
L (A, Epes A,) 
in area of 10 pct causes a change in the value 
of approximately 10 pct. During the series of 
heats, electrodes were collected at various stages of 
oxidation, and the change in area recorded. The 
change in area of the critical zone, that is, the lower 
1 in., was plotted vs. the corresponding time of ex- 
posure; it was found that the degree of oxidation 
was a function of time, and that all points plotted 
lay on a smooth curve. A variable, K, was deter- 
mined which took into account the effect of oxida- 
tion on the electrode surface areas, and on the dis- 
tance between electrode surfaces. Values of K were 
plotted as a function of time. Using K, eq 5 becomes 

iy SS TEIN ae [6] 

A,A, y 

L(A, — A;) 

Values of K varied from 1.65 to 1.42 over a period 
of from 0 to 90 min. Fig. 3 shows a graph of values 
of K vs. time. The resistivity values plotted in fig. 3 
have been corrected for electrode oxidation through 
the use of this plot. This was possible because the 


periods of time. In eq 5, p = 


, a change 


Where K = 


2 smelting rate in all heats was very similar. Proper 


values of K were determined for each reading by 
checking the data sheets to see how long the elec- 
trodes had been in service at the time the reading 
was taken. From the graph of K vs. time, the value 
of K corresponding to electrode time in service was 
selected, and the resistivity value multiplied by it. 

The other variable considered worthy of evalua- 
tion was fringing effect. In a flux field of a magnet, 
the flux density is concentrated directly between the 
poles; however, an appreciable quantity of the flux 
lines radiate in arcs from one pole to another. In 
like manner the slag volumes surrounding the elec- 
trodes, both side and bottom, were potential car- 
riers of electrical current. It was considered desir- 
able that the quantitative effect of this fringing be 
determined. ‘ 

Sodium tungstate, a salt of known specific re- 
sistivity at temperatures up to 1200°C, was selected 
as a standard for comparison. Three heats using 
sodium tungstate were run with the same equip- 
ment and technique as were used on the slags. The 
values obtained were plotted with standard values, 

and it was found that the curves were of the same 
general shape, but displaced somewhat. The values 


at any specific temperature were in the same ratio 
as the values at any other temperature on the 
curves. Several specific values from the two curves 
were selected and compared. A correction factor 
was thus obtained. It was found that resistivity 
values as measured in the apparatus were too 
high; multiplying these results by 0.933 corrected 
the values to conform with the standard. Values 
plotted in fig. 2 are also corrected for fringing effects. 

The possibility of nonuniformity in slag composi- 
tion should be considered. In the experimental 
operation, a slag depth of from 2 to 4 in. was ob- 


.tained, the slag depth gradually decreasing as iron~ 


oxide was reduced from the melt. At the same time 
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Fig. 3—Correction factor as a function of time. 


an increasing depth of metallic iron was accumu- 
lated beneath the slag layer. The minimum slag 
depth, calculated from slag and metal volumes, was 
approximately 2 in. The electrodes were alternately 
immersed 12 and 1 in. into the slag, so that in the 
latter case a volume of slag was investigated which 
represented approximately half the total volume of 
slag in the crucible. If end and side fringing con- 
ductivity are considered, an even greater portion of 
the slag was under investigation with each meas- 
urement. Thus a lack of uniformity in the slag, if 
such existed after the vigorous mixing action of 
induction heating, could have been of little conse- 
quence. Previous investigators have used tech- 
niques of immersing electrodes only one-sixteenth 
inch below the surface of the melt. 

It is felt that results reported indicate reasonably 
accurate resistivities for the bulk of the slag, 
though this may be open to some question. Meas- 
uring resistivities at a greater depth probably 
would have added serious errors because of the 
proximity of the electrodes to the molten metal 


- beneath the slag. 


Inasmuch as graphite electrodes were used, some 
reduction of FeO from the slag must have occurred 
at the slag-electrode interface. The slag immedi- 
ately surrounding the electrodes thus may possibly 
have differed slightly from the bulk of the slag. 
Since a graphite crucible was used, and since finely 
dispersed carbon was prevalent in the slag as the 
reducing agent, no estimation of the effect on slag 
resistivity is attempted. Little is known about slag- 
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electrode interface reactions in respect to conduct- 
ivity, the area being complicated by gaseous evolu- 
tion, metal formation, heat requirements, and cur- 
rent densities. However, it would be suspected that 
the total impedance would be increased as a result 
of slag-electrode reactions, thus giving resistivities 
slightly higher than the true value. Alternating 
current was used to minimize ionic conduction. 
Evaluation of electrode surface resistance is not 
attempted. 

One heat was run using a charge of siliceous iron 
ore for comparative purposes. No values of resist- 


ivity could be obtained for FeO contents above 9 ° 


pet because of the viscosity of the slag. Values 
actually measured are of dubious value because of 
lack of bridge sensitivity for high resistances, but 
between 4 and 9 pct FeO, the resistivity of the sil- 
iceous slags averaged 9 ohm-cm, and for FeO con- 
tents between 1 and 3 pct, resistivity values ranged 
between 1.2 and 1.8 ohm-cm. These values are in 
general agreement with the results published by 
Derge and Martin. On the basis of this meager in- 
formation, it is proposed that titanium slags are in 
the order of 5 to 50 times as conductive as iron- 
bearing siliceous slags containing no titanium 
dioxide. 


Summary 


The specific electrical resistivities of slags con- 
taining large percentages of titanium dioxide have 
been measured and reported. Results indicate that 
the electrical resistivity of molten titanium slag is 
not greatly affected by temperature, but is defi- 
nitely a function of the FeO content. 

The lack of temperature effect is noticeably dif- 
ferent from reported results of most other investi- 
gators. The electrical resistivity of oxide systems 
decreases sharply with temperature increases, and 
in a uniform manner, such that plotting the log 
specific conductivity vs. reciprocal absolute temper- 
ature gives a straight line relationship. No such 
phenomenon was noted specifically in the titanium 
slags investigated. An explanation may be that the 
system was rather complex and of constantly 
changing composition. No correlation between re- 
sistivity data and phase changes was attempted, 
though a summary examination did indicate a rela- 
tionship between drastic resistivity trends and 
phase changes in the solidified samples of slag. 

Maximum resistivity values were found to lie in 
the ranges of 24 to 35 pct FeO and 8 to 12 pct FeO, 
with very sharp reduction in resistivity from 8 to 3 
pet FeO. This agrees very well with actual experi- 
ence in smelting ilmenite ores in pilot scale electric 
furnaces under similar conditions. 

It has been established that compounds of 
titanium, a light metal which forms a white oxide, 
are the most conductive of the phases normally 
encountered in smelting operations involving com- 
pounds of iron, silicon, titanium, calcium, and mag- 
nesium. This is contrary to the general conclusions 
drawn by Wejnarth, who reported, on the basis of 
conductivity of slag systems, that light-colored 
oxides of light metals are poor conductors of 
electricity. 

It has been shown that titanium slags have ex- 
tremely low electrical resistivity in comparison to 
normal siliceous slags, on the basis of values re- 
ported by other authors and limited experimental 
work, to the extent of being up to 50 times as con- 
ductive. Because of this, it can be definitely stated 


that electric furnaces for smelting titaniferous iron 
ores must be specially designed in order to accom- 
plish satisfactory furnacing. Electrode spacing and 
minimum voltages must be so chosen as to allow 
immersion of electrodes in the slag bath at all - 
times, without excessive power input. Herein are 
furnished sufficient data to allow the design of 
proper smelting installations should commercial 
smelting of ilmenite or other titanium-bearing ma- 
terials be undertaken. 

The apparatus developed for this project should 
prove useful for investigation of electrical proper- 
ties of any fluid at any temperature, since the 
method used is not dependent on the material of 
which the electrodes are composed, and could be 
applied equally well to copper, platinum, or other 
kinds of electrodes. 

Of primary importance, the results of this in- 
vestigation explain why certain unsatisfactory 
operating characteristics were shown by the electric 
furnaces used for the smelting of ilmenite at the 
Bureau of Mines Station, Boulder City, Nevada. 
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The Intermittent Oxidation of Some Nickel-Chromium Base Alloys 


| Ee has been known for a number of years that the 

addition of certain alkaline-earth and rare-earth 
metals to nickel-chromium base electric resistance 
alloys causes marked increase in their oxidation re- 


sistance as measured in an intermittent oxidation— 


test similar to the ASTM—B 76-39 test. However, 
the mechanism whereby such additions confer pro- 
tection is still unknown. On the basis of the experi- 
mental observation that the increase in life in inter- 
mittent tests of nickel-base alloys is proportional to 
the atomic radius of the added element, Hessen- 
bruch* has proposed that the added metal ions occupy 
holes in the oxide lattice which prevent diffusion of 
nickel ions in the oxide. Horn’ has postulated that 
the effect of such additions is to accelerate the rate 
of diffusion of chromium atoms in the metal and 
thus to favor the formation of Cr.O; scales. Hickman 
and Gulbransen’® concluded from electron diffraction 
observation that the addition of the elements in 
question results in the formation of a barrier to the 
diffusion of nickel ions to the surface. 


B. LUSTMAN, Member AIME, is associated with the 
Atomic Power Division, Westinghouse Electric Corp., 
Pittsburgh, Pa. 

AIME Chicago Meeting, October 1950. 

TP 2895 E. Discussion (2 copies) may be sent to 
Transactions AIME before Dec. 15, 1950. Manuseript 
received Feb. 27, 1950. 


In connection with some experiments conducted 
to develop a test for the resistance to oxidation of 
alloys in massive form under conditions of inter- 
mittent heating and cooling, some features of the 
oxidation of nickel-chromium base alloys were re- 
vealed which may serve to elucidate the mechanism 
of protection conferred by rare-earth and alkaline- 
earth elements. Specimens of cylindrical shape 0.360 
in. diam x 0.37 in. long were placed in alumina 
thimbles and inserted into and withdrawn from a 
Globar-heated furnace operating at 2150°F at 7.5- 
min intervals. The weight of oxygen absorbed as 
well as the weight of oxide spalled were measured 
at intervals. With the particular experimental con- 
ditions used, the specimens in a 7.5-min cycle were 
at temperature for 2 min which corresponds to the 
heating time of the ASTM test. The weight changes 
of similar specimens under conditions of continuous 
heating in air at 2150°F were also measured. The 
’ specimens after oxidation were examined metal- 
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Fig. 1—Results of intermittent oxidation tests and 
continuous tests on bulk specimens at 2150°F. 


lographically and samples of the spalled oxide col- 
lected for X-ray diffraction identification of the 
phases. 

The specimens used were from the same lot of 
material used by Hickman and Gulbransen’® and had 
the compositions shown in table I. Included in table 
I are results of ASTM life tests on the materials in 
the form of wires. These materials, their composi- 
tion and the ASTM life test data thereon were all 
supplied by F. E. Bash of the Driver-Harris Co. It 
may be noted that alloy 13246 of 80 pct nickel, 20 
pet chromium nominal composition showed the 
shortest life in the ASTM test; alloy 12246 with the 
addition of small amounts of the elements zirconium, 
calcium, and aluminum, intermediate life; and alloy 
12046 with the further addition of silicon, the long- 
est life. 

In fig. 1 are shown the results of intermittent 
oxidation tests made on bulk specimens at 2150°F 
as well as continuous tests conducted at the same 
temperature. Duplicate tests were made on each 
specimen. The ordinate scale, inches of metal 
oxidized, was derived from the experimentally ob- 
served weight gain of oxygen by assuming the scale 
to be entirely Cr.O;. It may be noted that the metal- 
loss curves during intermittent oxidation show a 
constant or continuously increasing rate of weight 


Table I. Analysis of Samples 


ae Cc Mn Si Cr Ni 

12046 0.08 0.01 1.39 19.91 Bal. 
12246 0.08 0.01 0.30 19.98 Bal. 
13246 0.12 1.70 0.30 19.98 Bal. 


* The “useful life’ 


Useful* 
Life 
at 
Fe Zr Ca Al Mg 2150°F 
0.34 0.10 0.024 0.07 15% 
0.32 0.05 0.029 0.08 86 
0.20 0.006 25 


is the time in hours required for a 10 pet increase in resistance in the ASTM test B 76-39. 
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Figs. 2-4—Oxidized 1529 cycles at 2150°F. 


Fig. 2. Sample 13246. Fig. 3. Sample 12246. Fig. 4. Sample 12046. The gray portions are oxide, the white portions are metal. 
Unetched. X%750. Area reduced approximately three quarters in reproduction. 


gain of oxygen (or thickness of metal oxidized) with 
time or cycles of oxidation. Likewise, there is a 
direct correlation between life measured in the 
ASTM test and thickness of metal oxidized during 
the intermittent test. On continuous oxidation, on the 
other hand, the rate of metal loss by oxidation de- 
creases continuously with time and furthermore, the 
oxidation curves of each of the three alloys are prac- 
tically identical within the limits of experimental 
error. Such differences as could be noted during con- 
tinuous oxidation indicated greater metal. loss for 
the alloy which showed least loss on. intermittent 
oxidation. 

X-ray diffraction results on both the spalled and 
adhering oxide present on each alloy after oxidation 
showed, similar to the electron diffraction findings 
of Hickman and Gulbransen on these same alloys, 
that Cr.O; was the principal constituent of the scale 
in the case of the alloy 12046 showing longest ASTM 
life and least weight loss in the intermittent test, 
and that admixtures of NiO, Cr.O;, and spinel were 
present in the other alloys.* 


* X-ray measurements were made by S. Beatty of the Westing- 
house Research Laboratories. 


The microstructures of the alloys after oxidation 
are quite instructive in indicating the possible cause 
for the considerable difference-in behavior between 
intermittent and continuous oxidation as well as the 
mechanism of protection by the addition of the 
alkaline-earth metals and silicon to the base com- 
position. In figs. 2, 3, and 4 are shown the surfaces 
of the oxidized alloys 13246, 12246, and 12046, re- 
spectively after 1529 cycles of oxidation at 2150°F. 
It may be noted that the oxide-metal interface is 
quite smooth in case of alloy 13246 which showed 
most oxidation in the intermittent test and shortest 

life in the ASTM test; in case of alloy 12246, con- 
_ taining Zr, Ca, and Al, whose oxidation rate in the 
intermittent test and life in the ASTM test were 
intermediate, there was appreciable internal pene- 
tration of the oxide; while alloy 12046 containing 
Si as well as Zr, Ca, and Al, showed considerable 
internal penetration of oxide, least oxidation in the 
intermittent test and longest ASTM life. A similar 
trend of internal penetration of oxide was found in 
case of continuous oxidation. It was likewise found 
that the amount of oxide spalled during the inter- 
mittent test relative to the total weight of oxide 
formed increased with increasing weight loss or de- 
creasing depth of internal oxidation. Results similar 
to those found here have also been noted in alloys 
of base composition 61.5 pct Ni, 16.5 pct Cr, 22 pct 
Fe. 

At the oxide-metal interface, oxygen diffuses from 


the oxide into the base metal and metal ions pass 
from the metal into the oxide. If the latter process 
is relatively rapid compared to the former, the 
movement of the interface into the metal will be 
sufficiently rapid to prevent marked internal oxida- 
tion. If, however, following the reasoning of Hessen- 
bruch and of Hickman and Gulbransen, it is assumed 
that the addition of rare-earth or alkaline-earth 
elements causes the formation of a barrier which 
prevents ready passage of metal ions into or through 
the-oxide, oxygen will penetrate the base metal to 
a much greater depth resulting in more internal 
oxidation the more restricted the outward diffusion 
of metal ions. The presence of such an internal oxide 
will tend to key the oxide to the metal resulting in 
less spalling on intermittent heating and cooling and 
correspondingly less oxidation of metal. During con- 
tinuous oxidation, on the other hand, where spalling 
of the oxide, because of differential contraction on 
cooling, is not a factor, internal oxidation will not 
greatly affect the overall rate of oxidation. 

The assumption of the formation of a barrier by 
the addition of certain elements serves also to ex- 
plain the composition of the scale. If metal ions can 
pass freely into the oxide scale, the gross composi- 
tion of the latter will tend to approach the base 
metal composition and to consist of NiO, spinels, and 
Cr.O;. If, however, the passage of metal ions into the 
oxide phase is restricted by some barrier, the diffu- 
sion of oxygen into the base metal will predominate; 
the inwardly diffusing oxygen will react to pre- 
cipitate the oxide phase most stable in contact with 
metal of the composition here used (i.e., Cr.O;), and 
on continued oxidation this phase will be incorpo- 
rated into the external oxide. Thus alloys showing 
pronounced internal oxidation may be expected to 
exhibit scales consisting predominately of Cr.O,. 

It thus appears that improvement of the oxidation 
behavior in intermittent tests of nickel-chromium 
and iron-nickel-chromium base alloys by the addi-. 
tion of small amounts of certain elements is achieved 
by the tendency of these elements to promote in- 
ternal oxidation and thus to prevent spalling of the 
protective oxide scale during cycles of heating and 
cooling. 
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Austenite Formation 


During Tempering and Its Effects on 


Mechanical Properties 


by E. F. Bailey and W. J. Harris, Jr. 


Austenite may be formed during tempering below A: as determined in 
continuous heating. The amount formed and the decomposition characteristics 
depend on time and temperature of tempering. Transformation of this austenite 
during cooling or by plastic deformation in tensile or impact testing results in 
increased tensile strength, decreased ductility, and reduced notch toughness. 


J ‘HE temperature of the ferrite to austenite re- 

action is established frequently by continuous 
heating experiments. However, equilibrium studies 
of this reaction have demonstrated that austenite 
may form at temperatures considerably below those 
at which the reaction is first observed during con= 
tinuous heating. Because of this discrepancy, tem- 
pering is sometimes performed above the true criti- 
cal temperature and in these cases austenite forms 
during tempering. The lowest temperature at which 
austenite forms and the kinetics of the reaction 
have been studied by Bain,” Bleakney and Gros- 
venor,’ and Dube and Cunningham.’ This austenite 
can affect the properties either as austenite per se, 
if it is retained at room temperature, or as a de- 
composition product if it transforms. 

The effect of austenite formation during temper- 
ing on low temperature impact properties of an 8% 
pet nickel steel was reported by Brophy and Miller* 
in work published after the present investigation 
was initiated. They concluded that the improvement 
in low-temperature notch toughness which followed 
tempering at certain temperatures could be attri- 
buted to the austenite formed during tempering. 
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Kramer et al.*° found anomalous hardness increases 
and embrittlement after tempering of a low-carbon 
manganese-nickel steel. They concluded that aus- 
tenite formed during tempering, and that the de- 
composition products were responsible for the in- 
crease in hardness and the embrittlement. Quan- 
titative correlations of the microconstituents and 
mechanical properties were not made by these in- 
vestigators. 


The present study was undertaken in order to 
establish the kinetics of formation of austenite at 
various temperatures, the characteristics of the de- 
composition of this austenite, and the relationship 
between mechanical properties and the phases 
present. 

Experimental Procedure 


A low-carbon manganese-nickel steel was selected 
because of the sluggishness of its austenite decom- 
position reactions. The composition of this steel in 
percent was: C, 0.10; Mn, 3.52; Ni, 2.34; Mo, 0.52; 
CemOMiey Siz O19 WVesOntos by. 0:019%- and 3S.5 02020: 
Samples were prepared by forging sections from a 
large ingot to % in. bars. 

Formation and decomposition of austenite were 
investigated by dilatometric techniques which were 
checked by X-ray measurements. Dilatometer speci- 
mens were hollow cylinders 1 in. long, % in. diam, 


_with a ¥% in. central hole. All specimens were aus- 


tenitized for 1 hr at 1650°F and quenched in water 
prior to insertion in the dilatometer. Oxidation was- 
prevented by using an inert atmosphere of purified 
nitrogen. Dilation was measured with a dial gauge 
which could be read by interpolation to 0.00005 in. 
Temperature was maintained within + 3°F by a 
Brown Electronik Controller. Chromel-alumel ther- 
mocouple leads were welded to opposite ends of the 
specimen with the specimen serving as the hot junc- 
tion. As a check on temperature uniformity com- 
parison was made of the specimen temperature as 
measured with the chromel-alumel leads and the 
temperature of the center of the specimen as 


measured with a calibrated platinum—platinum- 


rhodium thermocouple embedded in asbestos in the 
central hole of the specimen. During heating a 5°F 
temperature difference was noted below 1000°F, but 
none above, while in cooling, a 5°F difference was 
observed from 1300° to 735°F, but none below. 
Heating rates of 35°F per min and cooling rates of 
60°F per min were employed for all dilatometric 
studies. For transformation studies below room tem- 
perature, the dilatometer was allowed to cool to 
150°F and then was quenched into liquid nitrogen. 
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At any temperature the fraction of specimen 
transformed to austenite was considered to be equal 
to the contraction during holding divided by the 
distance between the 100 pct ferrite and 100 pct 
austenite dilation lines at that temperature. When 
necessary these distances were measured between 
extrapolated dilation lines. The fraction transformed 
to martensite at a given temperature was calculated 
according to the method of Fletcher and Cohen.° 

In order to establish the accuracy of the dilato- 
meter, the amount of austenite retained at rooin 
temperature was calculated for specimens held at a 
series of temperatures and cooled in the dilatometer. 
X-ray determinations of the amount of retained 
austenite were made at the Massachusetts Institute 
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Fig. 1—Transformation characteristics of austenite 
formed at indicated temperatures. 


a. Rate of austenite formation. b. Amount of austenite formed 

after 4 hr at temperature; c. Ms as a function of austenite 

forming temperature; d. Change in M, with time at 
temperature. 


of Technology by the precise method of Averbach 
and Cohen’ using specimens of the same steel which 
were heat treated at the same temperatures, for the 
same time, but quenched. in water. (At the time this 
check was made, it had been established that aus- 
tenite formed at these temperatures did not trans- 
form during cooling.) 

Results are given in table I. From the excellent 
agreement, it can be said that contractions at tem- 
perature can be attributed entirely to austenite 
formation in this steel. 

High-temperature X-ray studies were made by 
L. S: Birks in a high-temperature Geiger counter 
unit designed by him.* Formation and decomposition 
of austenite were observed in the same temperature 
range as were found by use of the dilatometer. 

All mechanical property specimens were first aus- 
tenitized 4 hr at 1650°F and then cooled at a rate 


Table I. Austenite Content at Room Temperature, 
1% in. Rounds 


Austenite, Pct 
Thermal Treatment X-ray Dilatometer 
1650° (1 hr)—water quenched ilk 
1650° (1 hr)—air cooled 2 
1650° (1 hr)—slow cooled 5.3 5.3f 
1650° (1 hr)—+1100° (4 hr) 8.5* 8.07 


* Water quenched after heat treatment. 
+ Cooled at a rate of 60° per min after heat treatment. 


of 60°F per min (from 1300° to 300°F). Then they 
were given thermal cycles identical with dilatometer 
specimens in order to produce known amounts of 
austenite. Tempering treatments of 4 hr at tempera- 
tures of 1100°, 1200°, 1225°, 1250°, and 1300°F were 
used. It is recognized that tempering is defined as 
treatment below Ac;. However, for purposes of this 
study, tempering is used to indicate a reheating after 
quenching. 

Duplicate tensile tests for each treatment were 
made at room temperature. Simultaneous readings 
of diameter and load were made in order to calculate 
true stress and true strain. The specimens were 
standard 0.505-in. bars with a 2-in. gauge length. 

From 10 to 40 standard Charpy V-notch specimens 
were broken in a 240 ft-lb machine at a series of 
temperatures covering the range from ductile to 
brittle behavior. 

Metallographic techniques for measurement or 
identification of austenite were unsuccessful for the 
low-carbon martensite did not temper to a dark 
phase distinguishable from austenite. Ms determina- 
tions utilizing the Greninger-Troiano method could, 
therefore, not be made. 

Grain size measurements were possible in fully 
martensitic specimens and they were made by exam- 
ination of several fields at X100 with a Grossman 
eyepiece. Grain size of specimens which were mix- 
tures of austenite and martensite could not be estab- 
lished because of the complexities of the microstruc- 
ture. 


Results, Transformation Characteristics 


Dilatometric studies indicated that austenite be- 
gan to form in this steel at 1220°F during continuous 
heating at a rate of 35°F per min. However, when 
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_ Fig. 2—Percentage microconstituents at room tem- 
perature after tempering for 4 hr. 


Temperature is in degrees F. 
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heating was stopped at 1000°F and the specimen 
held at temperature for 4 hr, about 3 pet of austenite 
appeared to form. Therefore, the true A, is below 
1000°F in this steel. 

As the temperature was raised above 1000°F, the 
initial rate of austenite formation increased as shown 
in fig. la. The amount of austenite formed after 
holding for 4 hr likewise increased (fig. 1b). These 
figures indicate that the initial rate of austenite 
formation and the amount formed in 4 hr started 
to increase rapidly at about 1200°F. 

Decomposition of the austenite during cooling oc- 
cured in a martensite-like reaction. Kramer® has 
shown that the temperature of the beginning of 
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Fig. 3—Tensile properties. 


Temperature is in degrees F. 


transformation of steels, similar to the one used in 
this study, is constant for a wide range of cooling 
rates. In the present study, no isothermal decom- 
position was detected upon holding up to 4 hr at 
700° and 600°F. 

Fig. 1c shows the relations between the tempera- 
ture of austenite formation and the Ms of the aus- 
tenite formed. Austenite formed below 1200°F had 
an M; below —320°F, that formed at 1220°, an Ms 
of room temperature, and as the temperature was 
raised from 1220° to 1450°F, M; increased to 630°F. 
— Study of the iron-carbon-manganese phase dia- 
gram’ reveals the existence of a boundary between 
a three-phase field and a two-phase field at 1200°F 
for an alloy with equivalent composition of the steel 
under study considering 1 pct of nickel to have the 
effect of % pct of manganese. Differences in trans- 
formation kinetics between treatments below 1200°F 
and those above can be accounted for by the exist- 
ence of this boundary with the very low Ms for 
austenite formed below 1200°F being due to a high 
concentration of carbon and alloying elements in 
the austenite in the three-phase region. 
~ An increase in holding time at a given tempera- 
ture raised M; even after the rate of austenite 
formation was very slow (figs. la and 1d). This 


effect can be explained either by a change in com- 
position or of grain size of the austenite. It is con- 
sidered unlikely that the composition could change 
without a related change in quantity. In order to 
check the possibility of its being a grain size effect, 
Ms was determined for specimens with two different 
grain sizes cooled from 1650°F. An ASTM grain size 
of 9 gave an M; of 630°F and a grain size of 6, an 
Ms of 720°F. It appears, therefore, that grain growth 
of austenite during holding may account for the in- 
creases of Ms. 

Study of austenite formation and decomposition 
showed that since Ms was at room temperature for 
specimens treated at 1220°F, those treated below 
contained tempered martensite and austenite while 
those treated above contained tempered martensite, 
untempered martensite, and retained austenite. The 
amount of tempered martensite was equal to the 
difference between 100 pct and the amount of aus- 
tenite formed during tempering. The quantity of 


- martensite formed between Ms and room tempera- 


ture was calculated from the expansions which oc- 
curred during transformation.* The amount of re- 
tained austenite was the difference between the 
amount of austenite formed and that decomposed. 
Fig. 2 shows the amounts of the various structures 
in relation to the tempering temperature. 


Mechanical Properties, Tensile Results 


Results of tensile tests as a function of tempering 
temperature are shown in fig. 3.* The structures 
present and the amounts of retained austenite are 
indicated also. The effect of retained austenite on 
tensile properties probably depends on whether or 
not it is transformed by plastic deformation. Several 


* The drop in elongation at 1100°F was accompanied by longi- 
tudinal cracking of the tensile bars. 


yieldings observed in specimens tempered from 
1150° to 1225°F were attributed to such a trans- 
formation which was considered to account for in- 
creases in elongation, reduction of area, and tensile 
strength. Since only small amounts of austenite were 
present in specimens treated at other temperatures 
and the extent of transformation of this austenite 
could not be determined, the effect of austenite 
per se could not be established. 

Since retained austenite does not transform by 
elastic deformation, an attempt was made to de- 
termine the effect of each constituent on yield 
strength by using the percentages given in fig. 2, an 
experimental yield strength of untempered mar- 
tensite given in fig. 4, and estimated yield strengths 
for tempered martensite and austenite also given in 
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Fig. 4—Effect of microconstituents on the yield 
strength at 0.2 pct offset. 
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Fig. 5—Strain hardening exponent as a function 
of tempering temperature. 
Temperature is in degrees F. 


fig. 4. The estimated values were selected after study 
of the properties of austenite” and of tempered, 
low-carbon steels. The yield-strength curve given 
in fig. 4 was obtained by multiplying the percentage 
present by the yield strength for each structure on 
the assumption that each phase contributes in pro- 
portion to the amount present. As can be seen, the 
experimental and the calculated yield strengths are 
in good agreement, and the assumption appears to 
be approximately correct. 

The strain hardening exponent (taken from the 
plot of log true stress vs. log true strain) when 
plotted as a function of the tempering temperature, 
fig. 5, shows that as the amount of austenite in- 
creases the exponent increases and that specimens 
with similar austenite contents have similar ex- 
ponents. 

Results of the impact tests are shown in fig. 6. 
When untempered martensite (1250°, 1300°F+) or 
partially tempered martensite (1100°F) are present, 
transition temperature is high and maximum energy 
low. In the absence of untempered martensite, more 
complete tempering raises maximum energy and 
lowers transition temperaturet (1150°, 1200°F). 


+ Tempering temperatures. 

i Transition temperature refers to the temperature range in 
wae the energy absorbed in impact tests changes from a high to 
a low value. 


Transition temperature is increased when large 
amounts of retained austenite are present, despite 
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Fig. 6—Impact energy vs. testing temperature for 
material tempered at indicated temperatures. 


the well tempered martensite (compare 1200° with 
1150°F). This loss of notch toughness is attributed 
to retained austenite either because of the com- 
plexities of the microstructure or, more likely, be- 
cause of transformation of the austenite during test- 
ing. 

The embrittlement resulting from transformation 
of austenite to martensite during cooling can be 
eliminated by retempering. 


Summary and Conclusions 


1. In a low-carbon manganese-nickel steel, aus- 
tenite appears to form at 1220°F during heating at 
35° per min. However, upon prolonged heating be- 
tween 1000° and 1220°F, up to 38 pct of austenite 
may be formed. This austenite coexists with tem- 
pered martensite. 

2. Upon tempering above 1220°F, the austenite 
which forms may transform partially to martensite 
during cooling, and give rise to mixtures of retained 
austenite and tempered and untempered martensite 
at room temperature. 

3. The austenite formed during tempering and 
retained after cooling to room temperature lowers 
yield strength. Large amounts of retained austenite 
increase tensile strength, reduce elongation and re- 
duction of area, and raise transition temperature in 
the Charpy V-notch impact test. These latter effects 
are attributed to decomposition of the austenite by 
plastic deformation during the test. 

4, Martensite formed from decomposition of the 
austenite during cooling from the tempering tem- 
perature increases tensile strength, reduces elonga- 
tion and reduction of area, and lowers notch tough- 
ness. Embrittlement caused by this martensite may 
be eliminated by retempering. 
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Recrystallization Reaction Kinetics and 


Texture Studies of a 50 Iron 50 Nickel Alloy 


by William E. Seymour and David Harker 


Recrystallization rate curves for a 50 iron 50 nickel alloy are plotted from data obtained using an X-ray 
spectrometer, and an activation energy is calculated for the reaction. A multiple crystal orientation is found 
for the as-rolled material, and the cube texture when recrystallized in the range of 500° to 600°C. It is well- 
established that the directions of easiest magnetization in a single crystal of alpha iron are of the form <100> 
while for nickel the corresponding directions are of the form <111>. However, when iron is added to nickel 
the <111> directions persist as the easiest for magnetization until about 25 pct iron has been reached. In 
alloys containing more than 25 pct iron the directions of easiest magnetization change from <111> to <100s3 


ERTAIN alloys of iron and nickel, when rolled 

and annealed, possess a preferred crystal orienta- 
tion: (001) in the rolling plane and [100] in the 
rolling direction, when recrystallized at 850° to 
1050°C after approximately 98 pct cold reduction. 
Since the preferred orientation makes a direction 
of easiest magnetization coincide with the rolling 
direction, these alloys, especially a 50 pct iron in 
nickel alloy, have found wide application in the 
electrical industry for choke coils and special types 
of transformers. 

The rate of the recrystallization reaction was 
studied at temperatures ranging from 500° to 600°C. 
The heat of activation for the reaction was calcu- 
lated from the observed rates, and crystal orienta- 
tion determinations were made before and after re- 
crystallization. 

A vacuum melted iron-nickel alloy* analyzing 
49.6 pct nickel, 0.018 pct carbon, and 0.30 pct 

* The history of this heat is as follows: Hot forged at 1175°C to 
1 x 3 in. x maximum length. Cut into 1 x 3 x 5% in. pieces 
and ground on all four sides. Hot rolled at 1050°C to % x 3 in. x 
maximum length. Annealed 1 hr at 1000°C in pure dry hydrogen. 
Cold rolled to 0.100 x 3 in. x maximum length. Annealed 5 hr in 
pure dry hydrogen at 700°C. Cold rolled to 0.014 x 3 in. x maxi- 


mum length. Slit into 0.014 x % in. x maximum length strips and 
rolled on a Sendzimir mill to 0.002 x % in. x coil. 


manganese was used for the experiments. The al- 
loy was cold-rolled 98 pct into strips 4% in. wide by 
0.002 in. thick. Specimens 1 in. long were sealed 
under a vacuum (approximately 10° mm Hg) in 
% in. ID pyrex glass tubes. For heat treatment 
these tubes were fastened to Nicrohm wires and 
submerged in a molten salt bath controlled to +2°C. 
(The maximum measurement error was within 
38°C.) The time at temperature was varied loga- 
rithmically from one sample-to another, and runs 
were made at 500°, 525°, 550° and 575°C. A molten 
lead bath was used for a run at 600°C which was 
controlled to the same accuracy. 

To determine the extent of recrystallization after 
a particular time at a given temperature, a method 
was used suggested by the work of Decker, Asp, 
and Harker.‘ This method employs an X-ray 
spectrometer whereby X rays are diffracted from 
crystallites whose diffracting atom planes are paral- 
lel to the rolling plane of the specimen. The inten- 
sities of the diffracted rays are measured by a 
Geiger counter. The counter can be rotated through 
a range of angle, and can be motor driven through 
this range at a speed of 2° per min. The measured 


intensities are plotted vs. angle by a potentiometer . 


recorder. 


In a 50 pct iron-nickel alloy it was found that 
only (200) reflections were obtained from the roll- 
ing plane with recrystallized material, and that 
only (220) reflections were obtained from the roll- 
ing plane with unrecrystallized material. No other 
reflections were obtained under these conditions 
over a range of Bragg angle of 0 to 45° using either 
type of specimen. As a consequence, the intensity 
of the (200) reflections from the rolling plane was 
taken to indicate the amount of recrystallized ma- 
terial present in a specimen, and the corresponding 
intensity of the (220) reflections was taken to indi- 
cate the amount of unrecrystallized material present. 

To insure flatness and proper alignment of the 
reflecting specimen in the spectrometer, the sample 
was laid in a slot % in. wide x 0.001 in. deep which 
was machined in a 34x2x% in. steel carrier. The 
specimen then was taped down with cellophane 
tape. This steel cradle was mounted vertically in 
the specimen holder of the spectrometer so that the 
bottom edge of the carrier rested against a horizon- 
tal shoulder. 

Intensity data used in plotting the percent of re- 
crystallized material vs. time at temperature were 
obtained by directly counting the diffracted beam 
of nickel filtered copper Ka radiation used through- 
out the work. 

The X-ray spectrometer was employed also in 
obtaining pole figure data to be used for orientation 
determinations. At the beginning of this investiga- 
tion a transmission pole figure holder was used.* As 
a thickness of 0.002 in. of this alloy was found to 
be opaque to the copper Ka radiation, it was neces- 
sary to reduce the thickness of the pole figure speci- 
men. A cold-worked sample was etched in a 50 pct 
HCl solution for 5 min and was found to transmit a 
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Fig. 1—Increasing intensity of (200) reflections as 
a function of time at indicated temperature. 


strong beam when mounted in position in the pole 
figure holder. It was found that the etching had 
reduced the sample thickness from 0.002 in. to ap- 
proximately 0.0015 in., and had heavily pitted the 
surface. The Geiger counter was rotated to the 
proper Bragg angle for measuring (111) reflections, 
and these data are plotted in fig. 5. 

A reflection pole figure holder’ was used for all 
other pole figure work. This eliminated the neces- 
sity for correcting diffracted intensities for dif- 
ferences in path length® through the specimen, as 
was necessary when using the transmission pole 
figure holder, and also made it unnecessary to re- 
duce the thickness of specimens by etching. The 
(111) transmission pole figure for the cold-worked 
material was checked using the reflection method 
and good agreement was obtained. Data for the 
(100) pole figure were also obtained for the cold- 
worked material (fig. 6), as well as data-for the 
(100) and (110) pole figures of a sample recrystal- 
lized 100 pct at 500°C (figs. 7 and 8). 

For metallographic study, longitudinal sections 
of the various specimens were mounted in Selectron 
(to avoid heating), polished, and etched with two 
parts of 20 pct HCl and one part of 3 pct H,O,.. This 
etchant revealed the crystal boundaries and de- 
veloped etch pits’ within a grain indicating its 
orientation. 

“‘Tukon” microhardness measurements were made 
on all specimens heat treated at 500° and 600°C, 
using a 100-g load. An average of ten readings was 
taken per specimen. These data were plotted vs. 
log time for each temperature (fig. 4) and compared 
with the reaction rate curves plotted from the X-ray 
intensity data. 


Results and Observations, Reaction Kinetics 


In fig. 1 are plotted the data obtained by counting 
the intensities of the (200) reflections from each 
specimen. These intensities indicate the amount of 
recrystallized material in the specimens, and are 
plotted (as percent of maximum intensity) for each 
temperature. It was assumed that 100 pct recrystal- 
lized material was present when the (200) re- 
flected intensity remained constant from specimen 
to specimen with increasing time at temperature. 
The ordinate of fig. 1 can therefore be interpreted 
as percent recrystallized material present. 

Fig. 2 is a similar plot expressing the disappear- 
ance of the (220) reflections (cold-worked or de- 
formed material) as a function of time for the same 
temperatures as in fig. 1. The time for 50 and 100 
pet recrystallization at each temperature as deter- 
mined from the curve of the intensity of (200) re- 
flections vs. log time checks well with the corre- 
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Fig. 2—Decreasing intensity of (220) reflections as 
a function of time at indicated temperature. 


10 SEC. 


sponding times determined from the curve for 
intensity of (220) reflections vs. log time. This can 
be seen from a comparison of figs. 1 and 2. 

It is interesting to note that the X-ray data indi-- 
cate complete recrystallization at as low as 500°C. 
Complete recrystallization can also be expected at 
lower temperatures, if longer times are used. 

The data obtained show the recrystallization re- 
action to be extremely temperature sensitive, re- 
quiring approximately 32 hr for completion at 500°C 
as contrasted with only 32 min at 600°C. 

The activation energy for the reaction was cal- 
culated, using the curves of fig. 1, by plotting log 
time for 50 pct reaction vs. 1/T (T in °K). Con- 
sider the Arrhenius formula, rate = AeAE/RT, It 
can be seen that e4#/RT is inversely proportional to 
the time for a given amount of reaction, and there- 


Abie 
fore we may obtain log t, = —. — 
y obtain log 23R pt log B, 
where:t, = time for reaction to give a concentra- 
tion c. 
AE = activation energy for reaction in cal/ 
mol. 
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Fig. 3—Log time for 50 pct recrystallization vs. 
reciprocal of absolute temperature. 


Black dots are points obtained from fig. 1. Circled 
are points taken from fig. 2. ihe 


1002—JOURNAL OF METALS, AUGUST 1950, TRANSACTIONS AIME, VOL. 188 


R 


gas constant. 
fb temperature in °K. 
B a constant. 


and all logarithms are to the base 10. 


This formula is in the form of the slope-intercept 
equation for a straight line (y = mx + b), where 
AE/2.3R is the slope, log t, is the ordinate and log 
K is the intercept on the ordinate axis when 1/T is 
zero. A plot of log ty, against 1/T appears in fig. 3. 
The slope was evaluated and equated to AE/2.3R, 
and AE was found to be 56,500 cal/mol. This figure 
is of the same order of magnitude as that for a dif- 
fusion process. (The activation energy for the diffu- 
sion of nickel in iron is reported to be 64,000 to 
68,000 cal/mol'.) 

Fig. 4 shows plots of Tukon microhardness 
against log time for the 500° and 600°C specimens. 
When these curves are compared with figs. 1 and 2, 
it appears that 50 pct recrystallization, as measured 
directly by X-ray diffraction, produces about 85 pct 
of the hardness change on annealing. Possibly this 
may mean that the indentor pushes the harder un- 
recrystallized areas into the softer recrystallized 
material surrounding them, thus decreasing the re- 
sistance to the penetration of the indentor at a 
greater rate than the actual volume increase in re- 
crystallized material. 


I ll 


Orientation Determination 


Stereographic projections showing the concentra- 
tion of (111) and (100) poles of the cold-worked 
material—that is to say, pole figures for (111) and 
(100)—are presented, respectively, in figs. 5 and 6. 
In these figures, the intensities are represented by 
the diameters of the circles. In all the pole figures 
only the solid lines represent actual data. The 
dotted lines were drawn from the symmetry of the 
structure. Using figs. 5 and 6, three crystallographic 
orientations may be determined as existing simul- 
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Fig. 4—Tukon microhardness in Knoop numbers 
vs. time at 500° and 600°C. 


A 50 pct total change in hardness corresponds to a time of 5.7 
min at 600°C and 4.3 hr at 500°C. 


taneously in the cold-worked material, namely, in 
decreasing order of importance, (112) [111], (110) 


[112], and (123) 10° from [312]. Data for (100) 
and (110) pole figures were obtained from a speci- 
men completely recrystallized at 500°C; these are 
presented in figs. 7a and b and 8. The poles of the 
form {100} are highly concentrated in the rolling, 
cross rolling, and sheet normal directions, the maxi- 
mum variation being +10° from (100) [001]. 
What appeared to be small twinned areas were 
occasionally observed under the microscope in the 
samples recrystallized at 500°C. To check this ob- 
servation, the positions of (001) and (110) poles of 
material twinned by reflection across (111) were 
calculated® and these regions of the pole figure in- 
vestigated by means of the X-ray diffraction spec- 
trometer. Slight increases in intensity at two such 
points were observed and accepted as indicating the 
presence of 1 to 2 pct twinned material in the 


Fig. 5—(111) pole figure “as-rolled” 
structure. 

Fig. 6—(100) pole figure “as-rolled” 
structure. 


Fig. 7a—(100) pole figure, 100 pct 


recrystallized texture. 
Black dots represent location of observed 
twin poles. 


Fig. 8—(110) pole figure, recrystal- 
lized texture. 8 


: c Carin . \ x) 
Fig. 7b—Fine scale distribution of Ne Xv ZB 
(100) poles in recrystallized texture. \ a 
(100) poles distribution in a + 10° oN Ww 
stereographic area. Se a 
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Fig. 9a—Etch pits in “cube texture,” 50 pct iron 
50 pet nickel alloy. 


Annealed 1 hr at 1050°C. Longitudinal section. K1500. Area 
reduced approximately two thirds in reproduction. 


Fig. 9b and c—Micrographs showing progress of 
recrystallization at 500°C. 


b—25 pet recrystallized material. 4 hr at 500°C. Longitudinal 

section. X1500. Area reduced approximately two thirds in 

reproduction. c—100 pct recrystallized material. 72 hr at 

500°C. Longitudinal section. X1500. Area reduced approxi- 
mately two thirds in reproduction. 


specimens. The positions of the two twin poles so 
observed are indicated by black dots in the pole 
figure illustrated in fig. 7a. 


Metallography 


An etchant consisting of two parts of 20 pet HCl 

and one part of H,O, in water was applied for ap- 
proximately 10 sec with a swab. 
- Micrograph 9a illustrates the square etch pits 
obtained in a longitudinal section of a specimen 
from a different heat, when annealed 1 hr at 1050°C. 
The diagonals of the square etch pits at the speci- 
men surface are observed to be in the direction of 
rolling. The etch pits were observed to be square 
pyramids such as would be formed by the inter- 
section of four {111} planes with the surface of the 
specimen. Micrographs 9b and c illustrate the 
progress of recrystallization at 500°C. Fig. 9b 
represents approximately 25 pct recrystallization 
(4 hr at 500°C, fig. 2), and 9c shows 100 pct re- 
crystallization (70 hr at 500°C). The etch pits, 
which indicate the “cube texture,” can be observed 
in the latter picture. 

What is taken to be twinned material can be ob- 
served in 9c as areas within the larger crystals; in 
many instances with boundaries at approximately 
45° to the direction of rolling. : 

An idea of the difference in grain size obtained by 
conventional recrystallization practice of 1 hr at 


1050°C and that observed after 72 hr at 500°C can 
be obtained by comparing 9a and c. The area shown 
in a is from a single crystal, the boundaries of which 
extend far beyond the microscope field at that mag- 
nification, while a number of grains are evident in_ 
c. The rate of grain growth, after recrystallization, 

is assumed to be retarded at the lower temperature. 


Summary and Conclusion 


1. Data for the kinetics of the recrystallization 
reaction in a 98 pct cold reduced 50 pct iron-nickel 
alloy were obtained with an X-ray spectrometer. 
Curves showing the amount of material trans- 
formed, were plotted against log time at tempera- 
tures from 500° to 600°C. At 500°C, 100 pct re- 
crystallization occurred in 32 hr, and at 600°C in 
32 min. These results showed the reaction to be 
very temperature sensitive in this range. 

2. Curves of hardness vs. log time at tempera- 
ture showed an 85 pct total softening at only 50 pct 
recrystallization for 500° and 600°C. 

3. The heat of activation for the recrystalliza- 
tion reaction in this alloy was found to be 56,500 
cal/mol. This is of the same order of magnitude as 
the activation energy for the diffusion of nickel in 
y iron (64,000 to 68,000 cal/mol). 

4. A multiple crystallographic orientation was 
found in the cold-worked material. Two principal 


orientations exist: (112) [111], and (110) [112], 
the former predominating. A third—though some- 
what minor—orientation was also found, which was 


approximately (123) 10° from [312]. 

5. The orientation after complete recrystalliza- 
tion at 500°C was determined by means of etch 
pits and pole figures, and found to be a typical 
“cube texture,” (001) [100], with a maximum 
spread of +10° from the rolling plane and rolling 
direction. 

6. Slight twinning was observed in recrystallized 
areas under the microscope. Positions of the twin 
poles assuming twinning by reflection across (111) 
were determined by calculation and checked ex- 
perimentally. An estimated 1 to 2 pct of twinned 
material was found. 5 
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Production and Examination of 


Zinc Single Crystals 


by D. C. Jillson 


This paper describes a method and equipment developed and used for the growth 

of single crystals of high purity zinc, of substantial size and of various orientations 

in substantial numbers, together with the results of some tests of the degree of 
perfection of the product. 


RIDGMAN” ’?’ melted metals in a graphite or hard 
glass tube and lowered the tube through a fur- 
nace to make it cool from one end only. Because of 
the difficulty of eliminating all vibration of the mold, 
others have raised the furnace instead. Neither way 
seems as desirable as a setup with no motion of 
either the mold or the furnace. A furnace in which 
both the shape and the slope of the temperature 
gradient could be controlled and varied over a wide 
range and in which such a gradient could be moved 
from one end of the furnace to the other, freezing 
the specimen from one end to the other, at any de- 
sired rate, all by means of isolated external control, 
seemed to offer definite advantages. In addition to 
eliminating the possibility of vibration due to mov- 
ing parts, it might also give better control over the 
direction and rate of heat flow. 
Such an apparatus was assembled and is shown 
schematically in fig. 1. 


Equipment 


Furnace: A clay-carborundum tube of 3% in. ID 
with a 1% in. wall thickness was used as the core. 
This had a main winding of No. 12 B.&S. gauge 
Nichrome V with some compensation for heat loss 
at the ends. Taps to this winding were made at 
points 12 in. from each end. Fig. 2 shows details of 
this winding and of the two end windings. Each end 
winding was wound over Micanite over the main 
winding. No. 15 B.&S. gauge Nichrome V was used 
for these, and again taps were supplied at two inter- 
mediate points on each. The tube was supported in 
an 18 in. OD black iron shell with brick insulation. 
The input to each of the windings was regulated by 
means of a variable transformer. 


Temperature Regulation: A  chromel-alumel 
thermocouple located near the furnace wall in the 
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Fig. 1—Schematic drawing of equipment for grow- 
ing single crystals. 


center of the furnace was connected with a Celec- 
tray controller, type PIC, 300° to 900°C range, which 
opened and closed a shunt across an external vari- 
able resistance in the main winding circuit. An 
“anticipatory response” device also was incorporated 
to minimize the cyclic effect of the control mechan- 
ism. 

Eleven survey couples in a common pyrex glass 
protection tube were located near the furnace wall 
and spaced 2 in. apart. The couple leads went to a 
common reference junction box where they were 
connected to copper leads from a selector switch 
which, in turn, was connected to a type K potentio- 
meter. This arrangement permitted rapid tempera- 
ture surveys. 

The knob on the controller dial was replaced with 
a threaded brass spool turned at a controlled rate 
by a thin iron wire one end of which was attached 
to a gear train and the other to a small weight heavy 
enough to prevent slipping of the wire on the spool. 
The gear train, driven by a 1-rpm Telechron motor, 
contained a series of different sized interchangeable 
gears and threaded drums permitting a range of 
travel speeds from 0.10 in. per hr up to a hypo- 
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thetical 108,000 in. per hr. This arrangement afforded 
a controlled linear rate of cooling of the furnace 
(limited by the ability of the furnace to dissipate 
heat). 

Molds: Precision-ground pyrex glass tubing was 
the material usually used for molds. Constrictions 
in ordinary pyrex tubing caused deformation of the 
specimens during cooling and hindered removal 
without further deformation. 
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Fig. 2—Plan showing dimensions and number of 
turns per inch of the main and end windings of the 

single crystal furnace. 


The tubes were sealed to a point at one end. A 
blunt, almost square end with a tiny point or tit in 
its center gave better results than a long tapered 
point. They were cleaned in potassium dichromate- 
sulphuric acid cleaning solution and rinsed with 
distilled water. Then, the inside of each tube was 
coated with a thin layer of semicolloidal graphite to 
prevent the zinc from adhering to the glass. 


Typical Procedure 


Seven molds, % in. ID and 21 in. long, wired to- 
gether, were lowered into the furnace, slowly enough 
to prevent cracking of the tubes from heat shock, 
until the tops of the tubes were even with the top 
of the furnace, which was controlled at about 500°C. 
Molten zinc was skimmed and poured through a 
heated pyrex funnel into the molds, which were 
then lowered into position. 

The analysis of 99.999-+ pct zinc used was as fol- 
lows, in per cent: lead, 0.00013; iron, 0.0006; cadmi- 
um, 0.00003; and copper, 0.00012. No tests were made 
for Ay Br, Cl be Ht, KeaNeN,O, Se; S, Xe. 
Other elements were not detected or were in in- 
significant amounts. Total impurities detected were 
0.00088 pct. 

A few crystals were grown of 99.99+ pct zinc, 
which analyzed, in per cent: lead, 0.0025; iron, 
0.0011; cadmium, 0.0018; and tin, <0.0001. Total 
impurities were 0.009 or less by specification. 

The top of the furnace was closed, the current 
into the main and end windings was set to obtain a 
temperature gradient of 8°C per inch, and the fur- 
nace was allowed to come to equilibrium with the 
control dial set at 514°C. ; 

The current settings were as follows: Main wind- 
ing, high current, 5.3 amp.; and low current, 2.8 
amp. Top winding, 3.2 amp. Bottom winding, 1.4 
amp. - 

When the furnace temperature had reached equi- 
librium, a temperature survey was made (fig. 3). 


The gear train was set to move the brass spool 
on the control dial at a rate of 0.15 in. or 7.4°C per 
hour, and the motor was started. Temperature sur- 
veys were made at 2-hr intervals. Fig. 3 shows how 
the gradient moved through the furnace. When it 
had reached a position such that all of the zinc was 
frozen, the top of the furnace was opened and the 
seven tubes were removed and permitted to cool in 
air. 

When the specimens had cooled to room tempera- 
ture, they were removed from the molds, etched in 
50 pct hydrochloric acid for 5 sec, rinsed with water 
and then with alcohol, and dried in air. This etching 
cleaned the surface and brought out bright reflec- 
tions from the first order zones of the crystal lattice. 
Very great care was required to avoid deformation 
in handling. 


Temperature Gradient and Cooling Rate 


When the temperature gradient was below 512°C 
per inch, polycrystalline material resulted. Above 
this, up to 1344°C per inch, single crystals were ob- 
tained. Single crystals were grown with a cooling 
rate as low as 5°C per hour. When the cooling rate 
approached 40°C per hour, polycrystalline material 
sometimes resulted. For most of the specimens 
grown, a temperature gradient of about 8°C per 
inch and a cooling rate of 7.4°C per hour were used. 
The yield of single crystals with these conditions 
was essentially 100 pct. 


Description and Examination of Specimens 


Shapes, Sizes, Analyses: About 200 specimens of 
various shapes and sizes up to 14% in. diam and 19 
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Fig. 3—Single crystal run No. 7. 


Gear train started at 8:43 A.M., May 7%, 1948. Specimens 
removed from furnace at 10:00 A.M., May 8, 1948. 


Note: Seven survey couples, spaced 3 in. apart, were used 
in this run, but, in a later built furnace, 11 couples spaced 2 
in. apart, were used. 


in. in length were produced. Spectrographic analyses 
of specimens showed no increase in any impurity 
contents within the limits of detection. 

Determination of Orientations: For many pur- 
poses, orientations could be determined with suf- 
ficient accuracy from markings produced by cleav- 
age, slip, twinning, etc. 
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For greater accuracy, a simple light-reflection 
method could be used sometimes which was based 
on the observation that cylindrical single crystal 
rods lightly etched with 50 pct HCl gave bright re- 
flections from the zones of first order pyramids and 
prisms. The specimen was mounted on a horizontal 
specimen holder and a simple one-circle goniometer 
was fixed on one end with the zero reading at a ref- 
erence mark on the specimen. A horizontal beam of 
light was directed by a “vertical illuminator’ to 
strike the specimen at a measured angle to the speci- 
men axis. Light reflected by the specimen back 
through the illuminator played upon a photometric 
cell connected to a galvanometer. The galvanometer 
deflections produced by this light were observed by 
means of a spot of light reflected from the galvano- 
meter mirror to a scale on the wall. As the specimen 
was rotated about its axis, the points of maximum 
light reflection were determined and recorded to the 
nearest half degree. Sets of readings at five different 
angles to the specimen axis served to determine the 
first order zones with an accuracy limited primarily 
by the accuracy of the angular settings. Errors in 
these settings could be minimized by merely in- 
creasing the number of settings or by rotating the 
specimen holder upon a goniometer stage. A simple 
stereographic plotting of the first order zones, of 
course, gave a complete determination of the orienta- 
tion. Different etchants brought out reflections from 
different planes or zones of planes. For example, 
zine single crystals etched with a chromic acid- 
sodium sulphate reagent gave brighter reflections 
from second order zones than from first order zones. 
The length of the etching treatment also was a factor. 

In cases where it was desired to eliminate un- 
intentional deformation as completely as possible, 
standard X-ray back-reflection Laue methods were 
used because they involved less handling. Results 
were determined both by plotting stereographically 
the actual Laue spots and by plotting zones of spots 
as suggested by Greninger.* It was concluded that 
the latter method is faster and at least as accurate. 
Previous work in The New Jersey Zinc Co. (of 

Pa.) laboratories, growing single crystals of 99.99-- 
pet zine by the usual Bridgman method of lowering 
a mold through a furnace, had seemed to ‘indicate 
some preference for the basal plane to lie some- 


where near the specimen axis. This seemed con- 
sistent with the ideas that zinc crystals grow more 
readily in a direction parallel to the basal plane ° 
and that the principal direction of heat flow was 
along the axis of the specimen. In the present mov- 
ing-gradient furnace, it was felt that the heat flow 
was more lateral and that the basal planes of the 
specimens grown might tend to be perpendicular 
rather than parallel to the specimen axis. This 
seemed to be borne out in a few specimens prepared 
with 99.99-- pct zinc, eight out of eleven specimens 
being within 20° of perpendicular, but in specimens 
of 99.999+- pct zine the orientations seemed to be : 
reasonably random, as shown in the stereographic 
plot of fig. 4.* A larger number of carefully oriented 


* Three-coordinate Miller indexes are used in fig. 4 and elsewhere 


—in this paper. 


specimens should be subjected to statistical analysis 
before definite conclusions are drawn, but the present 
limited data suggest a possibility that preferred 
directions of crystal growth in zinc crystals may be 
influenced by very small amounts of impurities. 
Straumanis® reported such an effect for appreciable 
amounts of cadmium. 


Tests of Perfection: Visual Examination of .Sur- 
faces of Specimen: Light etching in 50 pct HCl re- 
vealed no gross departures from perfection in prop- 
erly grown single-crystal specimens. Constrictions 
in molds, jarring, differential thermal contraction in 
multi-crystal specimens, and, of course, deforma- 
tion in handling did cause observable imperfections. 

Buerger’ stated that zinc single crystals grown 
by the Bridgman method from 99.9-+ pct zinc are 
internally partitioned by discontinuities in such a 
way that the entire structure is continuous but 
branched, and-that etching exhibits essentially filled- 
in dendrite frameworks or lineages. He noted that 
Straumanis” *° had given etching evidence of what 
appeared to be lineage structure in zinc single crys- 
tals grown from melts under various conditions. 
Buerger also made observations on the lineaged na- 
ture of crystals grown from 99.999-+- pct zine. In 
the present work, specimens of 99.999-+- pct Zn 
etched with 50 pet HCl showed no marked dendritic 
structure covering the cylindrical surface. Further- 
more, the etching pattern on a cleavage surface was 
different from the mosaic on Buerger’s 99.9-++ pct 
or 99.999-- pct zinc specimens, and prolonged etch- 
ing tended generally to eliminate definite markings 
on such surfaces. 

Deep etching with 50 pct hydrochloric acid—for 
example, a 5 to 10-min treatment—did give ridges 
on the cylindrical surface on one side, found to be 
the last side to freeze, of several specimens of 
99.999-+- pct purity, as shown in fig. 5. These were 
shown to be areas of lead concentration in dendrite 
boundaries. It would appear that the lead content 
of the purest zinc used (0.00013 pct) was greater 
than the solid solubility limit (which is probably 
not greater than 0.00008 pct, on the basis of analy- 
sis of the unridged portion). With zinc of higher 
lead content (99.99-++ pct zinc, 0.003 pct Pb maxi- 
mum), deep etching gave ridges on all sides of the 
specimen. 

Straumanis’ found similar ridges on etched single 
crystals of zinc containing cadmium. The nature and 
degree of these ridges varied with the cadmium con- 
tent, and he concluded that they were due to the 
cadmium. He found the ridges to be parallel to the 
basal plane and concluded that, in general, impuri- 
ties present in excess of their solid solubility limit 
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at the freezing point tended to separate in layers 
parallel to the basal plane. He found some similar 
ridges on etched single crystal specimens of Kahl- 
baum zine, but thought that the small amount of 
cadmium present (probably 0.03 pct) could not be 
responsible for these. It might be pointed out that 
in Straumanis’ specimens the basal plane was parallel 
to the specimen axis, as were also the ridges from 
etching, that this might be a chance coincidence, and 
that the ridges might not necessarily be parallel to 
the basal planes. In the present case, ridges were 
observed parallel to the specimen axis when the 
basal plane was practically perpendicular to it. 

Deep etching with 50 pct HCl also showed pre- 
ferential attack in certain crystallographic direc- 
tions. Specimens with the basal plane approximately 
perpendicular to the rod axis tended to become six- 
sided, the tendency being toward a second order 
prism. Sometimes small prism faces between first 
and second order faces also appeared. 


Examination of Cleavage Surfaces: Freshly pre- 
pared basal cleavage surfaces were examined for 
evidences of departure from crystalline perfection. 
It was impossible, however, to cleave without de- 
forming the cleavage face, and it was felt that all 
of the imperfections observed could have been and 
probably were the result of deformation rather than 
of imperfect crystal growth. Conditions of cleaving 
which reduced the amount of accompanying de- 
formation always reduced the amount of these mark- 
ings. It was noted also that there was a distinct 
tendency for specimens to hold together at the sur- 
face even when cleavages through the bodies of the 
specimens were otherwise quite complete. Green- 
land’ * has observed the same phenomenon with 
single crystals of mercury. 

Light etching with 50 pct HCl (1 sec) caused etch 
pits that were hexagonal in nature, usually shallow 
hexagonal pyramids, and always of the second order. 
These were not considered necessarily indicative of 
crystalline flaws, although it is possible that they 
may have tended to originate at imperfections. They 
definitely did tend to concentrate, in many cases, on 
mechanical imperfections resulting from deforma- 
tion, perhaps not on twins, but definitely in [210] 
or second-order directions (perhaps on bends) and 
probably on tear marks and light scratches, and 
probably in areas of lead concentration. Perhaps all 
pits originated at lead (or other impurity) particles. 
The pits originating at mechanical flaws may have 
started at particles precipitated from solid solution 
by mechanical stress or strain. Sometimes light 
markings having the appearance of dendrite bound- 
aries were seen—not associated with the hexagonal 
etch pits. 

With very deep etching (5 to 10 min) a deep den- 
dritic pattern appeared in the area of lead concen- 
tration, as noted above on the specimen surfaces 
(see fig. 5). 

X-ray: X-ray back-reflection Laue diffraction pat- 
terns were prepared from the cylindrical surface of 
specimens and also from cleavage surfaces. Orienta- 


Fig. 5—Ridges produced on 

single crystal of 99.999+ 

pet zine by deep etching 

with 50 pect HCl (approxi-. 
mately X2). 


tions calculated from reflections from the opposite 
ends of each of several specimens indicated no signi- 
ficant difference in orientation from end to end. 

Back-reflection spots from undeformed material 
were apparently just as perfect as those given by 
the beam itself. 


Summary and Conclusions 


A moving-gradient apparatus was contrived in 
which single crystals were grown from molten metal 
without motion of either the mold or the furnace. 
Conditions were determined that gave a high yield 
(essentially 100 pct) of single crystals of zinc, and 
about 200 specimens of various shapes and sizes up 
to 1% in. diam and 19 in. in length were produced. 
Using zinc of 99.999-+ pct purity, crystals were pro- 
duced that appeared to be at least as perfect as any 
described in the literature and probably better than 
most. 

Etching experiments yielded new information re- 
garding the solid solubility of lead in zine and 
revealed certain characteristics of the attack of 
hydrochloric acid (50 pct) on zine of 99.999-+- pct 
purity. 
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An Experimental Survey of Deformation 


and Annealing Processes in Zinc 


by D. C. Jillson 


Zinc single-crystal specimens of high purity and quality were used in a 
study of various types of deformation under various conditions. Deformed speci- 
mens were annealed to study recovery and recrystallization. New data are 
presented and previous data are correlated and evaluated in order to determine 

profitable areas for more detailed work. 


ORK in recent years'* has indicated a com- 
plexity of the processes of deformation of 
metal crystals not previously appreciated and not 
fully accounted for by any hypothesis so far ad- 
vanced. Furthermore, the nature and mechanism 
of formation of nuclei of recrystallization have not 
been determined precisely. The deformation of sin- 
gle crystals of zinc has been studied frequently, but 
the purity of the zinc and the perfection of the 
specimens sometimes have been given little consid- 
eration. Methods have been developed recently that 
readily yield zinc single-crystal specimens of high 
quality.’ In the present work, such specimens were 
deformed in various ways under various conditions, 
and deformed specimens were annealed to obtain 
information regarding recovery, recrystallization, 
and grain growth. The paper attempts to correlate 
and evaluate previous data, as well as to present 
new data, in order to determine areas in which more 
detailed work might be done most profitably. 
Tests at temperatures from the freezing point 
(419.46°C) to room temperature revealed glide only 
on basal planes in a close-packed direction [100]*, 


* Planes and directions will be designated by three-coordinate 
Miller indexes. Parentheses and brackets will be used to designate 
families as well as particular planes or directions. 


as reported by Mark, Polanyi, and Schmid’ and 
others. Markings probably similar to those observed 
by Kolesnikov’ and Boas and Schmid* were noted 
in specimens stretched at elevated temperatures, but 
it seemed clear that these were not caused by 
prismatic or pyramidal slip (see second paragraph 
of section on Phenomena Involving Bending of the 
Basal Plane). 
Twinning 


Twinning on the octahedral plane of a face- 
centered cubic metal has been pictured as a process 
of simple homogeneous shearing along that plane in 
a [112] direction. It was recognized by Mathewson 
and Phillips’ and others” that the (102) twinning 


of zinc required a somewhat more complex mecha- 


nism and might be considered as a homogeneous 
_ shearing of (102) planes in a [211] direction plus 
- slight adjustments of atoms to positions of greater 
stability or lower energy, or as a single movement 
of each of the atoms in the same sense into the final 


positions. Gough and Cox“ modified Mathewson’s 
mechanism to obtain a more stable lattice configura- 
tion, but it is not clear that they succeeded, and 
their mechanism requires movement of some of the 
atoms in a sense opposite to that of the overall twin- 
ning movement. They also suggested that twinning 
may occur as a result of previous basal slip. This 
conclusion was based on the observation that twin- 
ning caused by alternating torsion was clearest and 
most profuse at positions for maximum basal slip 
rather than for maximum stress on (102) planes in 
the close-packed direction (not the twinning direc- 
tion), and no mechanism was described. It might 
be wondered whether resolution of stresses on the 
twinning plane in the twinning direction would 
have afforded a simpler explanation. 

If twinning is essentially a simple homogeneous 
shearing along the twinning plane, it would seem 
that twins should grow by a smooth, continuous 
mechanism, and, indeed, that a simple reversal of 
stresses should reverse the shearing and de-twin the 
crystal. Cylindrical tablets % to % in. thick were 
cleaved from singlle-crystal specimens and were 


_ squeezed, perpendicular to a second-order prism 


plane, to give a tensile stress perpendicular to a 
first-order prism plane. A “click” was heard and a 
thin, needle-like twin appeared on the basal cleav- 
age face. If squeezing was continued smoothly, the 
twin, viewed at magnifications up to X500, grew 
smoothly and quietly (fig. 1). X-ray examination 
verified that the twinning was of the (102) type. 
Rotating the compression axis 90° to reverse the 
stress then caused a smooth, continuous shrinkage 
and ultimate disappearance of the twin (fig. 2). 
The squeezing also caused a rumpling of the basal 
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Fig. 1—Steps in growth of twins in single-crystal 
tablet of zinc (diam 1% in.). 


cleavage faces which preceded and accompanied 
twinning but is not believed to be a part of the 
twinning process (see third paragraph of next sec- 
tion). 

aes it was believed, should start with the form- 
ation of a layer only one identity period (4 atom lay- 
ers) thick. Since the registry between this twinned 
lattice and the parent lattice on both sides is imper- 
fect, this must change the crystal from a condition 
of minimum energy to one of higher energy, the 
difference residing in the boundaries. This done, the 
twin could grow in thickness simply by transferring 
atom layers from perfect registry with the parent 
crystal to perfect registry with the twin, requiring 
less energy and a lower shearing stress than was 
necessary to form the original twin. Of course, a 
twin only one identity period thick must be rather 
unstable under the combined influences of the two 
parts of the parent lattice so near to each other, 
and the stress required for growth probably will 
not drop to a constant value until the twin is wide 
enough so that neither boundary will be affected by 
the other. Now, if a high stress is required for 
formation and is relieved only slightly by the very: 
small change in dimensions accomplished, the resid- 
ual stress might be higher than the minimum 
required for growth, and growth might proceed 
very rapidly until the stress drops to the critical 
value. This could account for the apparently in- 


Gee a Di nection of VONDressaOn etre tems ean 


Fig. 2—Steps in 

de-twinning of 
single-crystal 
tablet of zinc 
(diam 1% in.). 


stantaneous formation of twins much thicker than 
one identity period. It is a corollary that, in de- 
twinning, as the twin approaches the identity period 
in thickness it should de-twin more rapidly or at a 
lower stress. 

In order to slow down the twinning and de- 
twinning processes for closer study, high speed 
motion pictures of these phenomena were prepared, 
using the Eastman High Speed Camera. The photo- 
graphic work was done by Technalysis, Inc., of 
Philadelphia, Pa. Speeds as high as 3000 frames a 
second were used. Projection at a speed of 16 frames 
a second suggested, and frame by frame analysis of 
some of the films (fig. 3) verified, that both the 
initial rate of growth and the final rate of de- 
twinning were very rapid, as predicted. The data of 
fig. 3a suggest a step-like relationship, but it is 
believed that this is caused by experimental aberra- 
tions and that the smooth.curve more nearly repre- 
sents the true conditions. With improved techniques, 
particularly if stress determinations and analyses 
could be included, this method of study might prove 
to be very useful. 


Phenomena Involving Bending of the Basal Plane 

Examination of a basal cleavage face of a single 
crystal of zinc rather severely deformed by stretch- 
ing, bending in various directions, and straightening 
showed, in addition to three sets of (102) twin 
markings, three sets of striations of a different char- 
acter (fig. 4), two essentially perpendicular and one 
essentially parallel to twin bands. Previous investi- 
gators,” noting similar markings, have sometimes 
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attributed them to second-order pyramidal or pris- 
matic slip or to second-order twinning. This would 
not, however, account for the striations parallel to 
(102) twins in fig. 4. Furthermore, all three sets of 
striations in fig. 4 were similar in appearance and 
unlike the (102) twins. 

Miller” showed clearly the presence of a “bend” 
plane between areas of greater and less deformation 
(by basal slip) in zinc single crystals. Similar bends 
were noted in the present investigation, particularly 
in specimens stretched at elevated temperatures. 
The bend plane bisected the angle between the basal 
planes of the two parts of the crystal and cut the 
basal planes at right angles to the slip direction. In 
other words, the bend in each basal plane was about 


a second-order trace, or a [210] direction. When 


the bend was slight, the bend plane was almost per- 
pendicular to the basal plane, and it seems likely 
that it was markings of this type that Kolesnikov’ 
and others have taken as indications of prismatic 
or pyramidal slip. Greenland” observed similar 
markings in single crystals of mercury, Gough and 
Cox” in zinc, and Andrade and Tsien™ in sodium. 
There was a tendency to mistake them for twinning, 
but Andrade pointed out that their gradual appear- 
ance, their distribution, and their noncrystallo- 
“graphic boundaries did not fit this explanation. The 
observations did indicate that zine and certain other 
metals, at least, will, under the proper conditions, 
bend sharply in some manner about axes in the slip 
planes, and this appeared to be a possible mecha- 
nism for the formation of the striations of fig. 4. 
Specimens were cleaved from large single-crystal 
rods of zinc with round or square cross-sections and 
were squeezed in a small vise in various crystallo- 
graphic directions. Squeezing in or near a [100] 
direction (perpendicular to a second-order prism 
face) caused a second-order rumpling of the basal 
cleavage face. (If the tablet was circular, the re- 


FILM NO. 3 
TWINNING 


WIOTH OF TWIN IN INCHES 


—_— — (APPROX. LIMIT OF RESOLUTION ) — — — — — 


° Ot 0.2 = 0.3 0.4 
TIME IN SECONDS 
CARBITRARY ZERO) 


FILM NO. It 
DE- TWINNING 


WIOTH OF TWIN IN INCHES 


—— — (APPROX. LIMIT OF RESOLUTION )— — — — 


0.02 0.03 
TIME IN SECONDS 
(CarsitrRary ZERO) 


Fig. 3—Analysis of twinning and de-twinning. 
A. Initial stage of twinning. B. Final stage of de-twinning. 


sultant [210] tensile stress caused (102) twinning 
as well.) This was shown in fig. 1. Squeezing in or 
near a [210] direction (perpendicular to a first-order 
prism face) generally caused two sets of second- 
‘order rumpling, one on each side of the applied 


stress, rather than a first-order rumpling. This was 
shown in fig. 2. Evidently the crystal rumples much 
more easily about a [210] direction than about a 
[100] direction, at least at room temperature. 
(Smialowsky™ found that the stresses for com- 
pression perpendicular to second-order prism faces 
were considerably lower than those for basal or 
first-order prism faces.) The similarity between 


nS 


Fig. 4—Deformation markings on cleavage face of 
deformed single crystal of zinc. 


these rumplings and the striations of fig. 4 will be 
noted. 

With continued squeezing, rumpling became more 
and more exaggerated and eventually the specimens 
began to buckle. In specimens squeezed in a direc- . 
tion almost perpendicular to second-order prism 
planes, the buckling or bending occurred generally 
about second-order traces in the basal plane. In 
specimens squeezed in a direction almost perpen- 
dicular to first-order prism planes, the buckling was 
more irregular but might have been the resultant of 
various second-order bucklings. Examples of buck- 
ling are pictured in figs. 5 and 6. It is easy to 
imagine buckling (or, on a smaller scale, rumpling) 
to result from, or in the formation of, various com- 
binations of bend planes of the type found by 
Miller. Fig. 7 shows a few such combinations that 
might account for many of the structures observed. 
Cleavages through buckled specimens showed that 
the basal planes did follow essentially the directions 
indicated. 

As far back as 1898, Miigge” observed a similar 
phenomenon in crystals of cyanite compressed 
parallel to their glide planes. Recently Orowan™ 
rediscovered the phenomenon in single crystals of 
cadmium, as did the present author in zinc. More 
recently, Hess and Barrett” have performed experi- 
ments similar to those of Orowan but with small 
single-crystal rods of zinc. They have observed the 
same phenomenon and subjected it to a searching 
analysis. Orowan called this phenomenon “kinking” 
and considered it (along with slip and twinning) as 
a third fundamental mechanism of deformation. He, 
too, rationalized the mechanism in terms consistent 
with Miller’s”™ observations of bend planes in zinc 
and wrote that “deformation bands in metals hith- 
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Fig. 5—Steps in buckling of zinc single crystal 
under compression almost (110). 


Plane of picture near (100). Basal planes horizontal and 1 
plane of picture. Left column, one side of specimen; right 
column, opposite side of specimen. 


erto considered glide or twin bands may be, in real- 
ity, kink bands, and the possibility must be kept in 
mind that glide may begin in many or in all cases 
with kinking. Further deformation may take place 
either by glide across the band or by displacement 
of the planes of kinking representing its bound-. 
aries,’ as observed in cadmium crystals and as 
postulated by Sir Lawrence Bragg” in 1940. Hess 
and Barrett considered that the structure and 
formation of kink bands could be accounted for by 
accepted mechanisms (slip and bend-gliding) and 
presented a rationalization in terms of dislocation 
theory. 

X-ray back-reflection Laue studies conducted by 
the present investigator with varying degrees of 
rumpling, bending, buckling, etc., have shown the 
development of a fine structure in the Laue spots or 
streaks consistent with the general ideas developed 
above. Where bending seemed to have been entirely 
about a single [210] direction, the spots appeared to 
break up into a series of fine parallel lines, in the 
proper direction, sometimes so close together as to 
give an essentially continuous streak. Some of the 
more pronounced lines were measured and found 
to be of the order of 10 to 40 min apart. Others 


very much closer together could not be measured. 
Spots or streaks from other specimens showed lines 
in two or three directions, presumably from bend- 
ings about more than one [210] direction, or per- 
haps, remembering the first-order striations of fig. 
4, from bendings about [100] directions as well. 
Guinier’s method” should magnify these fine struc- 
tures and afford an opportunity for closer study. It 
appears, at present, that rumpling and buckling can 
consist of large, sharp bends or many fine, slight, 
close-together bends, or combinations of these and 
intermediate bendings. 

Several investigators have observed first- 
order twins and second-order striations on an in- 
dented basal cleavage face. In the present work, it 
was observed that if a %4-in. steel ball was dropped 
about 12 in. onto a basal cleavage face it frequently 
caused small surface twins at 60° to each other and 
it made a depression surrounded by second-order 
striations. It was also observed that a marked, al- 
though slight, bulge or mound appeared on the 
cleavage face on the opposite side of the specimen 
and that its boundaries were of a second-order hex- 
agonal nature. Subsequent intermediate cleavages 
showed that each basal plane had a corresponding 
depression, so that the deformation was evidently in 
the nature of a bending of the basal planes around 
[210] directions rather than any sort of prismatic 
or pyramidal slip. First-order twinning was limited 
to areas very near to the surface, but this second- 
order bending proceeded easily through relatively 
great distances and, regardless of the direction of 
the stress applied, the deformation always pro- 
ceeded in a direction perpendicular to the basal 
plane. It spread out somewhat, but the boundary or 
bend plane followed no definite crystallographic 
direction. 

When the impression encountered a bend plane 
or a grain boundary, it passed through it, with some 
loss in magnitude (particularly at a grain bound- 
ary), and continued in the new crystal in a direction 


16-18, 30 


Fig. 6—Further 
examples of buck- 
ling in zinc single 

erystals under 
compression. 


a, b, c and d: steps in speci- 
men squeezed 1 (110); plane of 
picture, (100); left and right 
edges, (110) traces; upper and 
lower edges, (001) traces. e: 
Typical buckle in another 
specimen similarly oriented, 
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Fig. 7—Relation of bend planes to buckling of zinc 
single crystals. 
perpendicular to its basal plane as shown diagram- pene ieee 
matically in fig. 8. When the impression encoun- Fig. 8—Passage of a ball impression. 
tered a small (102) twin, it apparently de-twinned A. Through a bend plane. B. Through a grain boundary. 


it, as might be expected, and proceeded on through 
the crystal as if the twin had not been there. The F : : 
de-twinning operation, of course, absorbed some S Daa hoes and Duis ormation have 
: 3 2 : efinite effects. 
energy, and the impression was smaller than it NEB. 
would otherwise have been. Fig. 9 shows two im- ta]. 
pressions, one going through a twin and one not 
going through a twin. Careful measurements 
showed no change in the distance between the 
markings on the two cleavage surfaces. Had the 
impression going through the twin not de-twinned 
it, it should have been offset in passing through the 
twin and the distance between the mounds on the 
bottom cleavage should have been measurably 
smaller than the distance between the impressions 
on the top cleavage. : 

A few studies were made of the effects of certai 
other variables on the nature of indentation de- 
formation. In the specimen of fig. 10, some attention 
was given to the effect of previous cold work. An 
impression (the largest) was made, in the manner 
described above, in the specimen “as cleaved.”” Then 
it was squeezed slightly in a [100] direction and 
another impression was made next to the first. 
After further slight squeezing, a third impression 
was made. Top and bottom surfaces were then pho- 
tographed, as shown at the left. Following this, the 
specimen was again squeezed slightly (this time 
causing some twinning) and a fourth impression 

_ was made (in an area free of twins). The specimen 
was again photographed, as shown at the right. As 
the degree of prior rumpling increased, the second- 
order bendings or striations around the impression 
became less noticeable, and, more obviously, the 
mounds became smaller and sharper and appeared 
as more perfect, truncated, second-order pyramids. 
- In the specimen of fig. 11, three impressions were 
made by dropping the same ball from the same 
height onto the specimen at three different tempera- 
tures. The second-order bendings or striations 
around the impression became less noticeable as the 
temperature of test was increased, and the width 
and hexagonal character of the mound decreased. 
Methods of testing the effect of variations in speed 
of deformation have not yet been well developed, 
but it seems safe to say, on the basis of the few 
tests performed, that it may have a very marked 
effect, particularly when very slow rates are com- — 
pared with impact rates. 
Indentation tests, then, appear to offer a relatively a aS 
simple and easy way to study qualitatively, if not Fig. 9—Effect of a small (102) twin on deformation 


Extraneous crystals in an intended single- 
crystal specimen can, like indentations, propagate 
deformations perpendicular to the basal plane for 
great distances, presumably because of anisotropy 
of thermal contraction. Care should be exercised in 
planning critical experiments to assure a source of 
truly single, undeformed crystals. 

One more classification of deformation markings 
involving bending of the basal planes (and some- 
times slip) will be termed accommodation mark- 
ings. When a (102) twin is formed, a relative shift 


quantitatively, the effects of variables on the nature due to an impact ball impression in the basal plane 
of the bending mechanism in zinc single crystals. of a single crystal of 99.99+ pet zinc. 
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Fig. 10—Effect of increasing 
prior deformation on de- 
formation due to an impact 
ball impression in the basal 
plane of a single crystal of 
99.99+ pet zinc. 


Impression No. 1, least prior 

deformation, at left. Impression 

No. 4, greatest prior deformation, 
at right. 


in the parts of the parent lattice on each side of the 
twin is required to accommodate it. If the twin does 
not go all the way through the crystal, or if it 
encounters a boundary or barrier of some kind, the 
shifting of the parent lattice is restricted, and it is 
frequently observed that the accommodation is 
accomplished either by bending or by restricted slip. 
Fig. 12 suggests ways in which this might be accom- 
plished. All of these have been observed, but they 
have not been studied thoroughly. The bends 
formed adjacent to a twin appear to be about a 
[100] direction, and here, as in one set of the stria- 
tions in fig. 4, it is presumably a case of first-order 
bending. Apparent first-order bending is less preva- 
lent than second-order bending, and presumably 
more difficult (at least at room temperature), but it 
appears to occur when conditions warrant it. Per- 
haps it could be rationalized as the resultant of two 
simultaneous second-order bends. 

Accommodation bending of some kind has also 
been observed adjacent to a long straight boundary 
between two large grains, as shown in fig. 13. This 
may be required by differences in thermal contrac- 
tion. It has not been investigated further. 


Deformation by Torsion 


Only one type of test involving torsion was per- 
formed. A cylindrical single-crystal rod having its 
basal plane essentially perpendicular to the rod axis 
was twisted about the rod axis. The ease of twist- 
ing was startling. No slip markings were observed, 
and no twinning was noted until a considerable 
twist had been executed. No simple rationalization 
of the deformation in terms of slip in the basal plane 
in close-packed directions was readily pictured. 
With an undeformed specimen, light etching with 
50-50 HCl brought out bright reflections from first- 


Fig. 11—Effect of temperature on deformation due 


to an impact ball impression in the basal plane of order Abe ‘Dapelie boy the tod oe pasa 
a’single orystal of 99.994 pet zine. twisted specimen these reflections spiraled around 
Left, —50°C; center, room temperature; right, 300°C. it. The impression obtained was that the individual 
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basal planes or very thin packets of basal planes 
had simply rotated upon each other about the tri- 
gonal (specimen) axis without regard for crystallo- 
graphic requirements. Basal cleavage faces of 
twisted specimens showed no clear markings that 
could not have been caused by the cleavage opera- 
tion. Back-reflection X-ray Laue patterns from 
these surfaces and from the cylindrical sides of 
twisted specimens seemed to affirm the gradual 
change in orientation suggested by the etching ex- 
periments. The orientation indicated by the pattern 
obtained at any particular point along the rod axis 
was consistent with the degree of twist. A fine 
structure in the Laue spots may have been due to 
extraneous deformation, but more careful experi- 
ments might yield valuable information. 

Collins and Mathewson™ and Heidenreich and_ 
Shockley® have reported apparent slight rotations 
of slip planes of aluminum upon each other about 
axes perpendicular to those slip planes, but it is 
difficult to believe that such rotations could occur on 
the scale and with the ease suggested by the present 
experiment. Some additional work has been per- 
formed, but the results, so far, are inconclusive. 

An alternative possibility is that rumpling of the 
basal planes somehow enters into the picture and 
affords a mechanism for the deformation observed. 
For instance, the slight rotations about an axis per- 
pendicular to the slip plane observed by Collins and 
Mathewson and by Heidenreich and Shockley might 
have been caused by rumpling about other direc- 
tions in addition to that perpendicular to the slip 
direction. The idea that rumpling may play a part 
in torsional deformation is certainly suggested by 
results’ obtained by Gough and Cox” when they 
subjected a single crystal of zinc, with the basal 
plane 15° removed from the critical orientation 
under discussion, to alternating torsional stresses. 

~The fractured specimen showed macroscopic rump- 

ling or buckling of the basal plane. No such 
rumpling, even on a microscopic scale, was defi- 
nitely observed, however, in the present work. It 
might be mentioned also that annealing at 400°C 
caused no obvious change in a twisted specimen, or 
in its Laue pattern, provided the twisting had not 
been severe enough to cause twinning. 


Cleavage 


Very many cleavages were performed, in the 
course of the present investigations, in many differ- 
ent ways and under many different conditions. At 
no time was a cleavage observed that could defi- 
nitely be identified as anything other than a basal 
cleavage. In no case was a “‘perfect” cleavage sur- 
face obtained. The best surface was obtained by 
slow pulling of a specimen with the basal plane 
almost perpendicular to the rod axis under condi- 
tions of nearly perfect axiality. Any departure 
from these conditions that increased extraneous 
deformation gave less perfect cleavages. 


A recent publication by Zapffe® described some : 


of the features of basal cleavages of zinc crystals. 
The markings he described as “fissures” must have 
been tear lines, where the cleavage passed from one 
basal plane to another of the original crystal by 
cleaving through the basal planes of small twins 
formed by the tearing. The “secondary cleavages” 
he showed must have been in twins formed prior to 
cleaving and were probably basal cleavages through 
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Fig. 12—“Accommodation” of (102) twins by bend- 
ing or basal slip. 


the twins and de-twinned or re-twinned portions of 
those twins. Zapffe failed to establish any other 
identity for these cleavages. 

It was noted that there was a distinct tendency 
for specimens lightly etched with 50-50 HCl to 
hold together at the surface even when cleavages 
through the bodies of the specimens were otherwise 
quite complete. Greenland™”®” noted the same ten- 
dency with single crystals of mercury. It is not 
known what the effect of a change in surface prep- 
aration would be. 


Annealing Effects 


No systematic study of annealing effects was 
planned as part of the present work, but some of the 
specimens were annealed, usually at 400°C for 20 
to 48 hr, sometimes for shorter periods, and then 
were examined. Others were examined after long 
periods at room temperature. 


Fig. 13—“Accommodation” bending (dark band) at 
a grain boundary (right edge of band). 
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a As Beant 


Bent and Annealed 


20 Hours at 400°C, 


Bent and Annealed and 


then Bent Further 


Fig. 14—Effect of bending and annealing of single 
crystals of 99.999+ pct zinc on the fine structure 
of Laue spots. 


a. As bent. b. Bent and annealed 20 hr at 400°C. c. Bent 
and annealed and bent further. 


Single crystal specimens of % in. diam bent about 
1 in. radii, stretched up to 25 pct, or twisted as 
much as 35° per inch of length, at room tempera- 
ture and without twinning, and subsequently an- 
nealed at 400°C or aged at room temperature, 
showed no evidence, upon etching or upon X-ray 
back-reflection Laue examination, of any recrys- 
tallization. Annealing may have influenced the fine 
structure of the Laue spots, but apparently such 
specimens contained no nuclei for the formation of 
new grains. Recrystallization occurred readily in 
specimens containing crossed twins, and new crys- 
tals were actually observed at the points where 
twins had met or crossed. Thin, single, uncrossed 
twins frequently appeared to be reabsorbed by the 
parent lattice, while thicker’ ones appeared to be 
unaffected. These observations are, in general, con- 
sistent with the findings of Mathewson and Phil- 
lips,’ Kuznetzov and Zolotov,“ and_ others.%* 
Kuznetzov and Karpova” reported finding new 
grains at all twins if the annealing conditions were 
correct. 


In the few cases investigated in the present work, 
the orientation of a new grain did not correspond 
closely with that of a twin or that of the parent 
lattice, in disagreement with Miller” and lending 
credence to the idea of the Russian investigators’*” 
that the twin itself is not the nucleus. However, the 
present results do not necessarily support their con- 
tention that the nucleus is in the twin boundary. If 
the nucleus were to lie in the area where twins meet 
or cross, it might not have the orientation of either 
of the twins, or of the matrix. Speculation is 
aroused as to whether crossed deformations of other 
types, such as crossed bucklings or rumplings or 
bend planes, or crossings of these with each other 
or with twins, might generate areas in which, under 
the proper conditions, nuclei could germinate. Zinc, 
with only one slip plane, does not, perhaps, offer so 
many opportunities for this to occur, and zinc there- 
fore may depend more largely upon crossed twin- 
ning for the generation of recrystallization nuclei 
than do certain other metals. 

Another annealing effect of interest was the 
apparent ability of supposedly undeformed single 
crystals of zinc to reorient through angles as high 
as 35° without undergoing recrystallization—that 
is, without the formation of a new crystal which 
grows and eventually absorbs all of the old one. 
This was first noted in this laboratory a few years 
ago by G. Edmunds, who annealed a large single 
crystal, prepared by the usual Bridgman method, at 
a temperature near the melting point and found 
that the basal cleavage, relatively perfect in each 
case, had: shifted through an angle of about 30°. In 
the present work, this has never been observed in 
specimens of a high original degree of perfection, 
but it has been observed several times in specimens 
known to contain slight imperfections such as band- 
ings that might have resulted from deformation 
during growth and cooling or from subsequent 
handling. It might be supposed that one of these 
bands simply absorbed the rest of the crystal, but 
in cases where these bands differed by a very few 
degrees, the final change in orientation was some- 
times of the order of 25° to 35°. Kronberg and 
Wilson“ have evolved a formal relationship between 
pairs of orientations which may explain extensive 
apparent rotations of a structure in terms of small 
atomic movements. Whether such a mechanism 
could be applied here is not known, but it might be 
given consideration. 

One more annealing effect will be mentioned. It 
was found that if single-crystal specimens of 
99.999-+- pct zinc were bent and cleaved, the basal 
cleavage surface was not a perfectly smooth curve 
but contained a very large number of very small 
facets probably due primarily to second-order bends 
about axes perpendicular to the slip direction. 
When such a specimen was annealed for 20 hr at 
400°C before cleaving, some of the facets apparently 
grew at the expense of their neighbors and became 
quite obvious to the unaided eye. Fig. 14 shows 
back-reflection Laue X-ray patterns from a bent 
cleavage surface “as bent” and after subsequent 
annealing. The fine structures are consistent with 
the visual observations. Further bending, after 
annealing, broke up these facets again into smaller 
facets, and the fine structure of the Laue spots was 
similar to that of the unannealed specimen, as 


shown in the third print of fig. 14. Guinier and his 
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coworkers’® have observed a similar effect, on a 
more microscopic scale, in aluminum, and Cahn” 
has reported similar results with high purity zinc. 
The distinguishing feature of the present work was 
that the phenomenon could be observed readily 
without resort to microscopic or X-ray methods of 
examination and that it indicated that the “poly- 
gonization” of the structure, as Guinier has termed 
it, was not caused by the annealing but merely 
rendered more macroscopic thereby, and hence 
more easily detectable. 


General Discussion of Results 


The phenomena involving bending of the “slip” 
plane seem to be of particular significance. In the 
present work, many manifestations of the ease and 


likely importance of this mechanism in zinc have _ 


been observed. Influences of the temperature and 
speed of deformation and of the prior state of 
deformation have been clearly indicated. Similar 
phenomena have been observed in Cd,” Mg,“ Be,* 
Na,” Al,” and probably many other metals. The 
exact mechanism has not been established, but the 
author independently arrived at premises essentially 
consistent with those advanced by Orowan”™ and, 
more recently, by Hess and Barrett.” These premises 
seem consistent also with experimental and, in some 
cases, theoretical observations of other workers and 
on other metals. 

Orowan classed bending or kinking, along with 
slip and twinning, as one of the three fundamental 
mechanisms of deformation in metals. The present 
author is inclined to suggest that this phenomenon, 
manifested in bending, rumpling, buckling or kink- 
ing, and probably in other forms, may be the essen- 
tial difference between the apparently homogeneous 
shear of twinning and the inhomogeneous shear 
observed in gliding or slip processes. It would seem 
capable of supplying a mechanism for the genera- 
tion of the discontinuities of current dislocation 
theories of slip. In other words, bendings of the 
slip plane may be the more fundamental phenome- 
non, and inhomogeneous shearing of slip may be 
merely a consequence. Many investigations, includ- 
ing recent work by the author,} have failed to show 


+ Reported in a paper by D. C. Jillson: Quantitative Stress-Strain 
Studies on Zine Single Crystals in Tension. To be published in 
Trans. AIME 188, Jnl. of Met. 1950, TP 2899E. 


' any influence of variations in the component of 
stress normal to the slip plane upon the critical 
value of the component along the slip plane in the 
slip direction required to initiate slip. But if bend- 
ing or rumpling of the slip plane, on a microscopic 
or submicroscopic scale, occurs before the normal 
component attains a readily measurable value, and 
hence supplies a mechanism for slip with only the 
slightest normal component, it would seem entirely 
consistent that variations in the normal component 
above this slightest value would not affect the criti- 
cal resolved stress for the initiation of slip. On the 
other hand, twinning appears to occur by homo- 
geneous shear along the twinning plane without 
any rumpling of the twinning plane. This process, 
then, might be expected to be affected by variations 
in the normal component, and such an effect has 
been reported by several investigators.“ Rump- 
ling on a macroscopic scale is easily demonstrated. 
It is not difficult to believe that it can occur also on 
a microscopic or submicroscopic scale. The asterism 
of Laue spots can perhaps be explained as well by 
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Fig. 15—Suggested relation of rumpling to slip. ~ 


a rumpling mechanism as by any other.” * **° The 
development of improved methods for studying the 
fine structure of Laue spots may permit a definite 
answer to this question. ; 

The mechanism pictured by the author is repre- 
sented very simply in fig. 15. Step A represents the 
perfect, undistorted lattice. The lines probably indi- 
cate blocks of planes rather than individual planes. 
Step B suggests slight elastic deformation result- 
ing from an applied stress as indicated. (AIl of the 
steps are greatly exaggerated.) Step C suggests a 
breaking up or bending or rumpling of the lattice 
about axes in the slip plane perpendicular to the 
slip direction, relieving the elastic strain at least 
partially. This probably involves restricted glide in 
a portion of the lattice as shown. Subsequent steps 
might be viewed in various ways. The lattice might 
tend to heal by further restricted glide, as suggested 
in step D, and a rapid or continuous succession of 
rumplings and healings would result in a more or 
less continuous glide until complications such as 
rumplings in other directions interfered with the 
process and brought it to a halt, at least temporarily. 
Alternatively, the bend planes which bound the 
rumple might be considered to move in the manner 
suggested by Bragg.” Still again, the discontinuities 
generated by the rumpling might be viewed as dis- 
locations, which indeed they are, and considered to 
diffuse or travel through the lattice in the manner 
of dislocation theory. Perhaps there is no great 
basic difference between these different views. 

It has been demonstrated macroscopically in the 
present work that bending or rumpling occurs with 
great ease and that a bend or rumple in a given slip 
plane or block of slip planes is propagated with 
great ease and rapidity in directions normal to this 
plane for considerable distances before being ex- 
tinguished, the magnitude of the lattice faults 
formed probably decreasing with the distance. It 
has also been indicated that variations in tempera- 
ture, rate of deformation, and other factors affect 
the magnitude and spacing of the bends. It would 
seem that here may be a means of explaining many 
of the observed phenomena of deformation, such as 
the jumps noted in precise stress-strain determina- 
tions, the spacing of slip planes, strain hardening, 
etc., and that it may supply a precise mechanistic 
picture for dislocation theories. 
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The Origin of Annealing Twins in Brass 
by R. Maddin, C. H. Mathewson, and W. R. Hibbard, Jr. 
DISCUSSION, F. H. Wilson presiding 


C. S. BARRETT—Is it not likely that along the 
planes where slip has occurred there is a more com- 
plex distortion than the simple shear needed to pro- 
duce a twin fault? Whatever the conditions along 
the operative slip plane, they might not only be such 
as to originate an annealing twin, as is discussed in 
this paper, but also as to act as a barrier to the growth 
of a twin. The operative slip plane might act as a 
barrier by containing material with an orientation that 
could not be absorbed easily by a growing twin, thus 
producing a composition plane that is parallel to the 
operative slip plane. 


C. S. BARRETT, Institute for the Study of Metals, 
University of Chicago, Chicago, Ill. 


R. MADDIN (author’s reply)—With the action of 
three slip planes and the accompanying rotation of 
each plane about a different axis, it would seem that 
the volume surrounding the twin-faulted position is 
highly distorted as Dr. Barrett points out. Certainly 
from past investigations of slip lines and the present 
work, the primary slip planes can be conceived as 
containing many folds variously distorted by the dif- 
ferent rotations of planes which intersect these prim- 
ary slip planes. Consequently, the position of maxi- 
mum distortion within the strain volume may be 
considered to be the nucleus (the twin-faulted posi- 
tion) from which an annealing twin might grow. The 
highly distorted volume surrounding the twin fault 
may also be considered to be a barrier which prevents 
the locked atom from completing the second half of 
the coordinated <112> movements. A cooperative 


mechanism for growth (such as the rotation mecha- 
nism suggested by Kronberg and Wilson) acting under 
an activation energy provided by the elevated temp- 
erature and driven by the strain energy supplied by 
the barrier could produce the annealing twin in its 
observable form. 

It would seem, from Dr. Barrett’s remarks, that a 
planar barrier would be required in order to pro- 
duce a composition plane parallel to the operative slip 
plane. In view of the complex rotations associated 
with the movement of slip planes, it is difficult to 
conceive of a planar barrier. 


Annealing Twins in Copper and 70-30 
Alpha Brass 


by W. R. Hibbard, Jr., Y. C. Liu, and S. F. Reiter 
DISCUSSION, F. H. Wilson presiding 


P. A. BECK—It is mentioned in the paper that “the 
twins coalesce within the grains at higher tempera- 
tures.” I wonder whether the authors would like to 
elaborate somewhat on the mechanism by which this 
process of coalescence is supposed to take place. It is 
interesting to note in table I, that in copper, where the 
number of twins per grain was independent of the 
annealing temperature, little or no increase in grain 
size was observed with increasing annealing tempera- 
ture. On the other hand, in brass, where a substantial 
decrease in the number of twins per grain took place 
with increasing annealing temperature, there was at 
the same time a considerable extent of grain growth. 
It would appear, then, that the structure as recrystal- 
lized has the largest number of twins per grain, and 
that with continued grain growth the number of twins 
per grain decreases. It seems to me quite likely that 
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Fig. 1—Copper-silver alloy (45 
pet Cu) cold-rolled 50 pct re- 
duction in thickness, annealed 
4 hr at 750°C, 1 hr at 800°C 
and quenched. Dichromate 
etch. X500. : 


Fig. 2—Copper-silver alloy (75 
pet Cu). Same treatment as 
fig. 1. X200. 


Fig. 3—Same sample as fig. 2, 
another field. X200. 


Fig. 4—Same sample as fig. 2, 
another field. X250. 


Figs. 1-4. Area reduced approximately 
five ninths in reproduction. 


this decrease is not a result of “coalescence,” but of 
the absorbtion of twins (together with their matrix 
grains) during the grain growth process at a rate higher 
than that of the formation of new annealing twins. 


P. A. BECK, Department of Metallurgy, University 
of Notre Dame, Notre Dame, Ind.; C. S. BARRETT, 
Institute for the Study of Metals, University of Chicago, 
Chicago, Ill.; C. S. SMITH, Institute for the Study of 
Metals, University of Chicago, Chicago, IIl. 


C. S. BARRETT—I have a comment with regard to 
conclusion No. 3, that “significantly fewer twins were 
formed at the highest annealing temperature under all 
rolling conditions.” Even though fewer twins were 
found after the highest temperature anneals, it does 
not follow necessarily that fewer annealing twins actu- 
ally had formed during the early stages of annealing. 
Many that had formed must have been absorbed dur- 
ing growth when grain boundaries swept across them. 
Comparisons should, therefore, be made only between 
specimens in which the same amount of grain growth 
had occurred. In the present experiments the starting 
grain size was constant, but the final grain size varied 
from 0.025 to 0.045 mm in copper specimens and from 
0.015 to 0.090 mm in brass specimens. Thus the amount 
of grain growth differed and, therefore, the loss of 
twins during growth must have differed. 


Cc. S. SMITH—The authors refer to my earlier dis- 
cussion of spherical grains. It is, of course, impossible 
to get a spherical grain in a polycrystalline solid, for 
the contact with boundaries of neighboring grains in- 
evitably produces a multi-edge polyhedron. Nearly 
spherical grains can, however, be produced if a poly- 
crystalline alloy is partly melted. Figs. 1 to 4 herewith 
show the microstructure of copper-silver alloys cold- 
rolled, annealed at 800°C (just above the eutectic tem- 
perature), and quenched. Because of the finely dis- 
persed two-phase nature of the alloy, the grain size 
before melting was small and the grains shown have 


grown mostly by solution and redeposition through 


the medium of the liquid phase. The typical grain 
boundary in the alloy concerned obviously has an 


energy greater than twice the crystal-liquid interface, 
for the dihedral angle is zero, and the liquid has pene- 
trated between the grains, separating them into iso- 
lated crystals. Many of the grains are approximately 
circular in cross-section, and can be assumed to be 
spheres, though the surface energy evidently does vary 
slightly with orientation. It is quite obvious that my 
earlier prediction was wrong, for about half the grains 
have one or more twins. 

There are many grains crossed entirely by twins, in 
which case the twin boundary joins the surface of the 


-grain with only very slight displacement of the sur- 


face. This is in accord with the concept of surface 
tension equilibrium between the extremely small 
energy of the twin boundary and that of the interface 
between the grain (of either exposure) and the liquid. 
Totally different shapes result, however, when a twin 
terminates without completely crossing a grain. Since 
two parts of a grain in twin relation to each other can 
share only one (111) plane—the twinning plane—any 
other junction between them must be at a plane along 
which exact matching of atom positions cannot occur, 
and hence would be expected to be of higher energy, 
although for some critical orientations it might be of 
energy lower than the average randomly oriented 
interface. On inspecting the micrographs it is apparent 
that the liquid, in attempting to attain equilibrium, has 
penetrated into the boundaries at which twins termin-. 
ate and has produced the sharply re-entrant surfaces 
shown. If it were possible for the twin boundary to 
move sidewards, no such structure could exist. The 
twin boundary behaves as if it were anchored in the 
crystal, and the other surfaces establish surface equi- 
librium in a geometry exactly analogous to that of a 
mechanical model in which strings of various tensions 
are attached to a trolley which may run freely but 
only along a straight track in a fixed direction. This 
model—devised by J, C. Fisher and the writer in dis- 
cussion with J. P. Nielsen*—will also explain the shape 


* See discussion by Nielsen on page 1026. 
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of grain boundaries in the vicinity of twin boundaries 
in solid single-phase metals, and provide for the pres- 
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ence therein of angles greater than 180°. If the twin 
boundary energy is zero, the other two boundaries will 
reach a geometry determined by the equality but op- 
posite signs of their projection in the twinning plane. 
If the twin is not of zero energy, an additional force, 
also lined up in the twinning plane, will exist. 

If one accepts this—and other—evidence that a twin 
interface cannot move normal to itself, one must then 
seek an explanation of the apparent growth of twins 
as the grains themselves grow in terms of what occurs 
at the boundary as it advances through adjacent grains 
of varying sizes and orientations. 

In figs. 1 to 4 there are occasional pairs of grains ob- 
served with a solid grain boundary between them, and 
a positive dihedral angle (60° to 120°). Such boundaries 
are invariably straight and probably are boundaries of 
energy lower than normal, but still much higher than 
that of twin boundaries, formed between crystals hav- 
ing in common planes of relatively low indexes, per- 
haps a result of the meeting of two twins from a single 
primary crystal, which would have in common (114) 
planes. 

W. R. HIBBARD, JR., Y. C. LIU, and S. F. REITER 
(authors’ reply)—Observation 4 in the paper regard- 
ing the number of twin-free grains is in error. The 
ratios of twin-free to total grains are as follows: 


Temperature, °C Twin Free/Total Grains 


Rolling Annealing Copper Brass 
—70 400 0.42 0.06 
—70 500 0.43 0.06 
—70 600 0.32 0.09 

25 400 0.42 0.10 
25 500 0.33 0.06 
25 600 0.34 0.10 
200 400 0.39 0.09 
200 500 0.37 0.04 
200 600 0.36 0.12 


Thus, copper has significantly fewer (rather than more 
as stated in the paper) twin-free grains for the highest 
anneal. This trend suggests that twin-containing grains 
grow at the expense of twin-free grains. (Rather than 
the reverse as stated in the paper.) There appears to 
be considerably fewer twin-free grains in brass than 
in copper, and for the former the ratio appears to be 
approximately the same for all annealing tempera- 
tures, quite different from the trend in copper. Regard- 
ing “coalescence,” we wonder how a small grain with 
many thin twins grows to a large grain with twins 
apparently wider than the original grain size. We agree 
with Dr. Barrett's comment. The use of “formed” 
rather than “found” was due to the original hope that 
the twin/grain ratio would be independent of grain size 
and the ratio found would also be that formed. Regard- 
ing Dr. Smith’s comment, we did not intend to imply 
geometrically spherical grains but rather that if the 
polyhedral grain has more edges, it may be more 
stable. 


Structure and Nature of Kink Bands in Zinc 
by J. B. Hess and C. S. Barrett 
DISCUSSION, G. P. Halliwell presiding 


W. R. HIBBARD, JR.—Might the “kinking” mecha- 
nism occur in certain suitably oriented grains in poly- 
crystalline zinc during the early stages of rolling to 
produce deformation bands? 

EK. A. ANDERSON—I would suggest that Mr. Hess 
look for deformation bands, because they may be there. 
A few years ago G. Edmunds published a paper from 
our laboratory, demonstrating that the preferred form 
of crystal growth in zinc was with the basal plane in 
the direction of heat flow. This places it perpendicular 
to the slab surface, and it is this type of mechanism 
that seemingly must act at the very start of the rolling 
operation. 


G. EDMUNDS—I am wondering, in line with Mr. 
Anderson’s comment, whether the constraint afforded 
by the neighboring columnar grains in a polycrystal- 
line specimen would permit the kink band type of de- 
formation. 


W. R. HIBBARD, JR., Department of Metallurgy, 
Yale University, New Haven, Conn.; E. A. ANDERSON, 
Research Division, The New Jersey Zine Co., Palmer- 
ton, Pa.; G. EDMUNDS, Metallurgical Department, 
American Brake Shoe Co., Mahwah, N. J. 


J. B. HESS and C. S. BARRETT (authors’ reply)-— 
Some additional experiments show that kinking occurs 
even when a crystal is constrained by surrounding 
material. A single crystal rod from the stock previously 
used was embedded in a paraffin cylinder and com- 
pressed axially. The rod kinked profusely. The length 
of individual kinks were of the order of one-third the 
rod diameter, as compared with kink lengths 5 to 7 
times the rod diameter that were not unusual in un- 
supported rods of the same dimensions. Still shorter 
kinks developed in a rod that was cast into a cylinder 
of 50-50 solder and then compressed. 

Following Mr. Anderson’s suggestion, we examined 

metallographically a cast slab that had been com- 
pressed about 5 pct. Several unmistakable cases of de- 
formation bands were found. In general these bands 
had considerable internal detail, analogous to fig. 6. 
Our study was not sufficiently detailed to determine 
what proportion of the suitably oriented grains ex- 
hibited such bands. 
» Doubt has been expressed in some quarters that 
plastic flow is confined initially to the regions in which 
a kink develops, as would be expected if dislocation 
pairs were generated in the region between the band 
boundaries. An experiment, however, has confirmed 
our view of the localized nature of the slip. A crystal 
that had been polished before compression developed 
slip lines during compression at the kinked regions, 
but other regions were left unaltered and therefore 
free from appreciable plastic flow. 


The Vapor Pressures of Zinc and Cadmium 
over Some of Their Silver Alloys 
by C. E. Birchenall and C, H. Cheng 


DISCUSSION, G. P. Halliwell presiding 


G. EDMUNDS—Is it possible to make even closer 
and more sensitive temperature determinations if, in- 
stead of going to complete evaporation of the con- 
densate, some condensate is retained, and the increase 
in amount observed, thus eliminating any difficulty of 
forming the first droplets? 

C. E. BIRCHENALL (author’s reply)—I think that is 
certainly the case, and I thank you for the suggestion. 
One can get closer by spending a considerably longer 
time in waiting for the evaporation or condensation to 
occur; that is, cutting down the heating and cooling 
rate. On the other hand, there is probably a hysteresis 
to the nucleation effect, of which I hesitate to speak. 
Your suggestion would eliminate that effect, so that 
one could possibly get the equilibrium point at which 
the droplets neither grew nor diminished in size. 

V. G. PARANJPE—What is the minimum vapor pres- 

sure that can be measured by this technique? 
C. E. BIRCHENALL—I think with any convenience 
in operation at all, probably.somewhere between a 
tenth and one millimeter pressure is the lower limit 
for this type of measurement. However, there are other 
methods which would not be too difficult to apply at 
pressures below this, 


G. EDMUNDS, Metallurgical Department, American 
Brake Shoe Co., Mahwah, N. J.; V. G. PARANJPE, 
Department of Metallurgy, Massachusetts Institute of — 
Technology, Cambridge, Mass. 
eae 
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The Diffusion and Solubility of Carbon 
in Alpha Iron 
by J. K. Stanley 
DISCUSSION, R. Smoluchowski presiding 


L. S. DARKEN—I should like to congratulate Dr. 
Stanley for this excellent contribution to our knowl- 
edge on the diffusivity and solubility of carbon in alpha 
iron. There has been an empty niche in the literature 
for quite a long time, which seems quite nicely filled 
by the data which has just been presented. I was par- 
ticularly pleased to see that in the filling of this niche 
use is made of a method which involves extensive 
chemical analysis. Unfortunately, it seems to be the 
style to avoid chemical analysis; it is indeed gratify- 
ing to find that the valuable information of this paper 
is based on the firm foundation of a precision analytical 
method. 

A question, perhaps beyond the scope of this paper, 
seems naturally to arise. One of the most obvious 
places to apply this data on the diffusivity of carbon 
in ferrite is to the decarburization of ferrite by gases 
such as wet hydrogen. Usually in such cases complica- 
tions are introduced in the mathematics by the pres- 
ence of another phase—cementite. However, the neces- 
sary modifications of the equations are available in the 
literature and I have made a few preliminary calcula- 
tions both on the data of this paper (as represented by 
figs. 17 and 18) and on some of our own data and find 
that the observed extent of decarburization by wet 
hydrogen is considerably greater than that calculated 
from the diffusivity as determined by Dr. Stanley. It 


is not my intention to cast doubt on Dr. Stanley’s dif-- 


fusivities, which I believe are reliable. Rather, I am 
inclined to think that decarburization by wet hydrogen 
involves complications—possibly the development of 
fine cracks or channels. I would like to ask Dr. Stanley 
if he can shed any light on this apparent anomaly. 

In regard to the comparison of the diffusivity of 
carbon in austenite and ferrite which Dr. Stanley 
showed on the blackboard (not in the original paper) 
I should like to point out that these figures by them- 
selves may be misleading. Although in the vicinity of 
the eutectoid, the diffusivity of carbon in ferrite may 
be one hundred thirty times as great as the diffusivity 
of carbon in austenite, this does not mean that carbon 
is transported by diffusion that much faster in ferrite 
than in austenite. The rate of transport by diffusion 
is equal to the product of the diffusivity and the com- 
position gradient (Fick’s first law). For most purposes 
the greatest possible concentration gradient over a 
given distance is equal to the quotient of the solubility 
divided by the distance under consideration. At the 
eutectoid this gradient is about forty times greater for 
austenite than ferrite. Thus, if the same alloy could 
exist as either_austenite or ferrite (plus cementite) at 
the eutectoid temperature, the rate of transport of 
carbon by diffusion would be only about three (130 
divided by 40) times greater in ferrite than in aus- 
tenite, rather than one hundred thirty times faster. 


_L. S. DARKEN, U. S. Steel Corp., Kearny, N. J.; 
R. F. MEHL, Metals Research Laboratory, Carnegie 
Institute of Technology, Pittsburgh, Pa. 


J. K. STANLEY (author’s reply)—This question of 
decarburization in wet hydrogen is very close to our 
hearts. There is some anomalous effect, but whether 
it is due to the gas reaction at the surface or in the 
ferrite layer, I do not know. There is a maximum in 
the ferrite layer width at about 825°C, and that has 
never been satisfactorily explained. At one time, I 
thought it was tied up with D, but now I am more 
inclined to think that the effect is due to some gas- 
metal reaction. 

I think Dr. Darken’s point about these diffusion 
ratios should be considered seriously, because the solu- 


bilities must be considered when talking about rates 
of decarburization. 

Let me talk, first, about the extrapolation of the D 
values. Van Wert, University of Chicago, determined 
the carbon up to about 200°C, and his D values were 
very close to mine; a reasonably good straight line can 
be drawn between his data and the values I found be- 
tween 500 and 750. He thinks the activation energies 
may be just a bit higher, between 19,000 and 20,000, 
for the range from room temperature to 900°. 

Of course, it is very intriguing to wonder about, 
what is the effect of alloy additions on the diffusion of 
carbon in ferrite? We are very much concerned with 
the effect of alloy additions and, during the past year, 
we have been preparing specimens of alloys contain-~ 
ing cobalt, nickel, manganese, and a few others. How- 
ever all my equipment used for the experiments just 


reported was moved from one room to another at the 


other end of the building, and it has taken about six 
months to set it up again. It may be that within an- 
other year or two we can get some information on 
carbon in alloy ferrites. 

L. S. DARKEN—There is one further question I 
would like to raise. This concerns the rather strong 
effect of some alloying agents (notably molybdenum) 
on the rate of growth of pearlite, and the recent sug- 
gestion of Onsager that carbon may diffuse principally 
through ferrite rather than through austenite during 
pearlite formation. It has been shown that the diffu- 
sivity of carbon in austenite is not greatly influenced 
by the presence of small amounts of other alloying 
constituents; certainly the large effect of alloying ele- 
ments on the rate of growth of pearlite cannot be in- 
terpreted in terms of the small effect of these elements 
on the diffusivity of carbon. However, if the growth 
of pearlite involves the diffusion of carbon through 
ferrite, it is conceivable that this rate of diffusion may 
be markedly influenced by the effect of alloying ele- 
ments on the solubility of carbon in ferrite (possibly 
also on the diffusivity). I would like to ask whether 
Dr. Stanley. or anyone else here sees any light shed on 
this old question by the new data of this paper. 

R. F. MEHL—I should like to say that I think this 
is an extraordinarily nice piece of research. Its ele- 
gance prohibits any direct discussion but it is obvious 
that it offers help in many problems in ferrous metal- 
lography. I should like to comment upon one. 

Several attempts have been made to calculate the 
rate of growth of pearlite from austenite, assuming 
that the rate-determining factor is the rate of diffusion 
of carbon in austenite. These calculations have pro- 
vided rough agreement with experiments, but only at 
the cost of ad hoc assumptions and uncertain extra- 
polations. It was proposed by Professor Lars Onsager 
of Yale at the Cornell conference held in the summer 
of 1948 that perhaps the cementite in pearlite grows 
by diffusion of carbon through the ferrite (not the 
austenite) and that thus the rate-determining factor is 
the diffusion coefficient of carbon in the ferrite, known 
to be much greater than that in the austenite. The 
present data will be of assistance in this matter: good 
data on the diffusion coefficient of carbon in ferrite 
are provided; since for the amount of transport, con- 
centration differences are also required. The work pro- 
vides solubility curves which may be extrapolated. 

It is clear that the concentration difference cannot 
be great and that, despite the high D value, the con- 
tribution to the growth of cementite from this source 
cannot be very great, though good calculation will 
be required to demonstrate the point. I might remark 
in passing that the Onsager proposal seems unlikely 
on other grounds—it would require, for example, that 
the Fe,C plates would thicken as they grow, that they 
would be pointed at the pearlite:austenite interface, 
which is not observed. 

This same question arises in considering the effect 
of alloying elements on the rate of growth of pearlite. 
While it has been said that alloying elements can 
hardly affect the rate of growth, recent extensive 
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measurements by Parcel, at Carnegie, have shown that 
both Mo and Ni do in fact decrease the rate of growth 
markedly, far beyond the effect to be ascribed to inter- 
lamellar spacing. Others have suggested that the re- 
tardation in the rate of growth may originate in a de- 
crease in the D value of carbon in ferrite exercised by 
the alloying element, but this is highly unlikely, judg- 
ing from the insensitivity of the D value for carbon in 
austenite to the presence of alloying elements. It would 
be pleasant, however, to have some direct measure- 
ments, even though no “pointing” of the Fe,C plates is 
observed in alloy pearlites. Similarly, it would be good 
to have measurements onthe effect of alloying ele- 
ments on the solubility of carbon in ferrite (these 
would be useful in other respects, for example, in 
studying spheroidizing). It seems inescapable at the 
moment that the effect of alloying elements on the rate 
of growth of pearlite must originate in a necessity for 
the segregation of the alloying element itself, known 
to be very slow. 


Analysis of Interstitial Diffusion Using 
Activity Methods 
by A. G. Guy 
DISCUSSION, R. Smoluchowski 


L. S. DARKEN—I should like to take issue with the 
fundamental nature of the author’s analysis. His first 
equation, on which all later reasoning is based, is a 
pure postulate. As stated in the definition thereof, D, 
is assumed to be constant. To the best of my knowledge 
there is, in general, no theoretical or experimental 
justification for such an assumption. The author makes 
no attempt at explicit justification. 

Being unable to accept the original hypothesis, I 
naturally find myself unable to accept the conclusions 
drawn therefrom, particularly with the proposal that 
D*, be adopted as standard for analysis of interstitial 
diffusion. Fick’s laws (the diffusivity D being regarded 
as variable) are substantially phenomenological or 
descriptive and devoid of assumptions. I see no point 
in substituting for Fick’s laws, relations which involve 
questionable postulates. In this case I do not believe 
the postulate has even an approximate general validity. 

In addition to the above-mentioned fundamental 
trouble, the suggested method involves difficulties of 
application which are comparable to, or even worse 
than, those encountered in the usual Boltzman (or 
Matano) solution of Fick’s second law for the uni- 
dimensional case. Upon application of his method, Pro- 
fessor Guy is forced to use (or at least does use) 
further approximation—it is assumed that the error - 
function is an adequate approximate solution of eq 10. 
Although, as shown by fig. 2, this seems approximately 
so for a limited concentration range of carbon in iron, 
I do not believe that this single case warrants general- 
ization—in fact, on the basis of experiments in pro- 
gress in our laboratory the relation does not seem valid 
even for higher concentrations of carbon in iron, 

It is my feeling that the field of diffusion is in need, 
at the present time, of more and better data; in the 
absence of more precise data, the suggested use of un: 
necessary questionable hypotheses seems unfortunate. 


L. S. DARKEN, U. S. Steel Corp., Kearny, N. J.; C. 
WELLS and W. BATZ, Metals Research Lab., Carnegie 
Institute of Technology, Pittsburgh, Pa. 


A. G. GUY (author’s reply)—Dr. Darken mentioned 
that, having started with the first equation, I then con- 
tinued through to an inevitable conclusion. My feeling 
was, since the conclusion was so favorable, that the 
initial assumption was justified. In addition, it seems 
reasonable that if this corrected concentration can be 
used, perhaps we can avoid the variation of the diffu- 
sion constant with concentration. 

Dr. Darken’s second point was that the method is no 


TEST NO. 
TEMP 99. 
TIME 24 


a7 


16 12 -0.8 -0.4 0.0 0.4 08 
CENTIME TERS 


Fig. 4—Curve resulting from a plot on probability 

paper of dx/dz values against distances from the 

weld to centers of layers machined from the sam- 

ple, Maximum and minimum limits of concentra- 

tion range in the sample are 1.38 wt pct carbon 

(6.13 at. pet) and 0.005 wt pct carbon (0.02 at. pct), 
respectively. 


simpler than the usual Matano type of solution. My 
reason for using the simplest solution in the paper, and 
thus introducing an additional simplifying assumption, 
was that the simplifying assumption produced no error 
that was greater than experimental error. It seemed 
unwise to use a more rigorous but more complicated 
analysis that gave the same results as a simpler analy- 
sis. The simpler analysis will be found to be applicable 
in many instances. 

C. WELLS and W. BATZ—It appears to the present 
discussers that the author believes (1) the normal 
error-function curve drawn in fig. 2 represents rather 
well the distribution of carbon activity in the couple 
used by Wells and Mehl in their Test No. 9; (2) D’ 
(average 3.31 x 107 cm’ per sec at 1001°C) is essentially 
a constant over the range of carbon concentration con- 
sidered; and (3) D’. (2.67.x 107 cm? per sec at 1001°C) 
is, within the limits of experimental error, also a con- 
stant independent of concentration. Providing the 
range of carbon concentration investigated is not too 
large, it does seem that these beliefs may be justified; 
however, recent data available to the discussers indi- 
cate that when the range of concentration is sufficiently 
large, the relation between carbon activity and dis- 


Table IV. Values of D’, Z’ and D’, 


Distance 
wt Carbon from 
Pet Ac- Interface D’ x 10-7 
Carbon tivity (em) (em2/sec) 
1.22 1.50 —0.344 6.03 
1.11 1.32 —0.217 5.79 
0.95 1.07 —0.090 5.98 
0.76 0.80 0.037 6.35 
0.50 0.51 0.164 5.05 
24 0.24 0.291 4.02 
Average 5.54 
a Ee a Ee oe 
1.088 
— = 1.342 
0.873 0.23 
— —— x ——_ 
1.088 0.975 
5.54 


D’; = —— = 4.13 x 10-7 cm?2/sec. 
1.342 


Data are for a recent test (Test 7). 
Diffusion temperature 999°C. 
peer time 24 hr. 
n test 7, Steel 18 (1.38 wt pct carbon) was wel 
eR TEEE Gani elded to Iron I (0.005 
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a probability scale) vs. distance and (2) C/C, (on a 
probability scale) vs. distance as in fig. 7, rather than 
(3) activity vs. distance (author’s fig. 2), and (4) car- 
bon concentration vs. distance (as in fig. 6). Of the two 
lines of best fit (fig. 7), A is practically a straight line 
while B is definitely curved. 


: A summary showing the relation between each of 
S the following D, D’, D,, and D’, and concentration is 
g given in fig. 8. D designates diffusion coefficient; D’ is 
from the equation D’ = w ; ; D, is from the 

( 1+ £ es 

Oy ONG: 


equation D, = 


, and D’, has the meaning ~ 


D 
07 
(v+e oe) 


2 given by the author. Apparently, within the limits of 
experimental error, D’, varies with concentration about 
as much as D,, while both D, and D’. vary very much 

tance is not correctly represented b functi Bi os anal 

: sented by an error-tunction It is understood that Dr. = 
curve and neither D’ nor D’, is a constant independent y Pg 


of concentration. Results given in fig. 4, table IV, and 
in the paper, when considered together, support these 
conclusions. A straight line relation between ax/ai 
(plotted on a probability scale) and distance would 


DISTANCE FROM WELD 


Fig. 5—Schematic activity-penetration curve show- 
ing the meaning of ax and ax. 


indicate a normal error-function relation between car- Bx 69 ie 
bon activity and distance; a curve such as is drawn in “t 30 x 
fig. 4 shows that the relation between carbon activity S 

and distance is not represented by a normal error- 20 

function curve and D’ in this instance is not a constant. i 

Since D’, at 999°C, computed from data given in table 

IV, is not equal, within the limits of experimental error, : 

to D’. at 1001°C, computed from data given in the Ries Ret ao ae tad 


paper, it appears that D’. varies with concentration and Fig. 7—Plot of ax/az and C/C, on probability scale 


against distance from weld. 
ceived new datat covering a higher range of concen- 


6.0 


5.0 ! is 


TEST NO. 9—WELLS & MEHL t Data supplied by the Metals Research Laboratory, Carnegie 
TEMP, 997°C Institute of Technology, Pittsburgh, Pa. 
40) } : TIME 25.25 HRS 


Bae ie ores tration than discussed in the paper, still believes D’, 
: does not vary with concentration. Perhaps the belief 
of Dr. Guy would be more readily accepted by many 
readers if he would explain the step by step method 
he used, especially the significance of K in the expres- 
sion Z’ = KZD’.. One knows, of course, that in the 
equation A. = X./\/t, and for given boundary condi- 
tions 1 is a constant when the concentration (or activ- 
ity) is constant. 


TEMP. 1000°C 
© — SEE FOOTNOTE * 
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Fig. 6—Normal error-function curve based on car- 
bon distribution data. 


that this is appreciable when the concentration range 
is sufficiently large.** 


& 
ty 
a 
= 
S 
-** While under certain conditions the method described in the Ke) 
paper by the author and used by the present discussers gives val- = 
aw 
& 
is) 
PS 
yY 


ues of D’¢ which are approximate and higher than true values, it 
is thought unlikely that 4.13 x 10-7 em? per sec—the estimated 
value when the temperature is about 1000°C and the activity 0.873 
(table IV)—is higher than the true value by as much as 1.46 x 10-7 
cm? per sec. 


The meaning of values of ax/aa plotted in fig. 4 
should be clear from fig. 5; aa is the difference between rae 
maximum and minimum activity in the couple} and 
dx is the difference between the activity at any point 


e and the minimum. 0 0 2 3 ”) 3 6 
ieee the ees ATOMIC PER CENT CARBON 
Each couple consists of a steel of one carbon content welded 2 5 - 
Pe ich or steel of another content. During diffusion carbon flows Fig. 8—Shows relation between each of following 
unidirectionally from the high to the low carbon side of the couple. D, D’, Di and D’, and concentration. 
In fi . 6 data are lotted. from Wells and Mehl test *Data points, centers of circles, represent D’>¢ values com- 
z - i 1 uted from data referred to in a paper by Wells and Mehl? 
3 i : 5 pute 
No. 9 showing the distributio nof carbon ina your . and from unpublished results. Data are for Tests 10, 44, and 
heated at 997°C for 25.25 hr; a normal error-function 45. In Test 10, Steel A2 (0 02 wt pet carbon) (migs welded 
: i wn 1 i i to Steel B3 (1.07 wt pct carbon); in Tes , Stee 5 
curve is also dra in the Siaety oe figure. Tes believed : wt pet carbon) was welded to Steel 19 (1.40 wt pct carbon), 
_ the author would have less difficulty in convincing a and in Test 45, Steel 16 (1.27 wt pet carbon) was welded to 
j ivi n Steel 19. It is believed that when the carbon concentration 
: reader that the relation between carbon CU, and ea ah oo eek DE oreeniuc 
distance is better represented by a normal error-ifunc- range may justifiably be assumed constant, then, computed 
i i i een carbon concen- D’- values at various concentrations are likely to increase 
On Curve than is the relation hetw with concentration about as shown is fig. 8. 


tration and distance if he were to plot (1) dx/da (on 
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© Experimental points from Tes 


— Calculated curve for Oe = 2.67 


wt Pct Carbon 


12 10 O08 O6 0.4 0.2 te) 02 0.4 Oo6 . O8 
Distance from weld interface, cms. 


Fig. 9—Agreement between curve calculated using 
eq 10 and experimental points of test No. 7 of 
Wells, Batz, and Mehl. . 


A. G. GUY—Wells and Batz agree that the simple 
error-function solution can be used in connection with 
carbon activities at low carbon contents. Their discus- 
sion is a convincing confirmation of the suggestion 
made in the paper that this approximate solution gives 
poorer results at high carbon contents. However, the 
rigorous equation, eq 10, can be applied in these in- 
stances, and fig. 9 shows the excellent agreement be- 
tween the curve calculated using this equation and the 
experimental points of test No. 7 of Wells, Batz, and 
Mehl.” Details of the calculation of this curve are given 
in a forthcoming paper. 


uC. Wells, W. Batz, and R. F. Mehl: Trans. AIME (1950) 188, 
553-560; Jnl. of Metals (March 1950) TP 2792E. 


The Study of Grain Boundaries with the 
Electron Microscope 
by J. F. Radavich 
DISCUSSION, J. B. HESS presiding 


R. F. MEHL—Has the author made any morphological 
studies of pearlite beyond those put on the screen? 

J. F. RADAVICH (author’s reply)—In our studies 
we worked with a SAE 1020 and 1040 steel. We had 
the composition of these specimens, and we therefore 
used them. We have not made any morphological 
studies. 

The oxide film replica is being used now in order to 
help interpret the formvar replicas. We have made 
some progress in understanding what occurs when a 
metal is heated by using the oxide film. By taking a 
formvar replica and an oxide film replica, we have 
been able to get good correlation. 

I have been working with temper brittle alloy steel 
supplied by Carnegie-Illinois Steel Corp. The oxide 
film may be of great value in studies of grain boun- 
daries and precipitation that may be located at the 
grain boundaries. Any type of carbide precipitation 
will be detected in the oxide film that forms at the 
grain boundaries. At the present time, we cannot. say 
for certain that such a precipitate exists. 


R. F. MEHL, Metals Research Laboratory, Carnegie 


Institute of Technology, Pittsburgh, Pa.;\B. L. AVER- 
BACH, Department of Metallurgy, Massachusetts Insti- 
‘tute of Technology, Cambridge, Mass.; N. TINER, Co- 
lumbia Steel Co., Pittsburg, Calif. 


B, L. AVERBACH—Could the oxygen treatment alter 
the form or structure of the very fine precipitates? 

J. F. RADAVICH—Let me say that the temperature 
of 650°C that I mentioned is not necessarily the only 
temperature for oxide film formation. We can lower 


our temperature, and use an air atmosphere instead of 
the oxygen atmosphere. Our furnace was set at 650°C 
and used an oxygen atmosphere at the time of our 
initial studies; consequently we used it under these 
conditions. 

We have used a 1 min replica (oxide) from 5 to 25 
pet chromium alloys. We find that the carbides pro- 
duce a thin oxide film which can be detected easily in 
the oxide film proper. We can then branch out from 
the carbides and interpret the rest of the replica. 

N. TINER—Why is picral used to study ferrite grain 
boundaries with the electron microscope? Is there any 
relation between the grain boundary measurements 
and the quantity of oxygen in the steel reduced by the 
hydrogen anneal? 

J. F. RADAVICH—Picral attacks the grain boun- 
daries much more than the other usual etchants. It 
does not cause too much attack in the matrix which 
might produce structure that might cause difficulty of 
interpretation. Usually the etchants used are those 
most commonly employed in the regular metallography. 

We have made no study of the relation between the 
grain boundary measurements and the quantity of 
oxygen in the steel reduced by the hydrogen anneal, 


Studies of Interface Energies in Some 
Aluminum and Copper Alloys 
by K. K. Ikeuye and C. S. Smith 
DISCUSSION, J. B. Hess presiding 


J. P. NIELSEN—In this interesting paper, as well as 
in several other papers that are a consequence of Dr. 
Smith’s significant and provocative paper,’ there is an 
interchangeable usage of interfacial energy and inter- 
facial tension for the driving forces that account for 
the equilibrium of interfacial configurations in metal- 
lurgical structures. This interchangeability appears 
acceptable as far as liquid films are concerned but does 
not appear to be so for solids. Solids, being funda- 
mentally different from liquids in their arrangement 
of atoms at the various types of interfaces that are 
possible, should certainly exhibit some characteristics 
in the geometry of interfaces not adequately explained 
by the tension postulate. 

In the case of annealing twins found in some micro- 
structures, there occurs a special interface configura- 
tion which is not explainable by the tension equations 
introduced by Smith,* but is explainable by the inter- 
facial energy postulate.* 


*In an informal discussion after the meeting, C. S. Smith and 
J. C. Fisher suspected that the tension postulate also applies to the 
special twin configuration referred to in this discussion. Dr. Fisher 
arrived at the three equations given in this discussion on the ten- 
sion postulate, i.e. similar equations are obtained by merely substi- 
tuting tensions for the corresponding energies in the energy 
equations. Thus, the greater-than-180°-dihedral-angle case is just 
as readily explained by the tension postulate as by the energy 
postulate. The following discussion, therefore, does not give the 
proof that the tension postulate is not tenable for solids. Its publi- 
cation is however allowed because of the proof for the stability 
of the special twin configuration it contains. 


In fig. 21a is represented the traces of three inter- 
faces normal to the plane of the drawing at the junc- 
tion of three grains, 1, 2, and 3. On the energy postulate 
the equilibrium geometry is defined by the following 
three equations: 


ey + @;, cos A + e,, cos B 
e€., + e€, cos B + e,, cos C 
€s, + @., cos C + e,, cos A 


where the different e’s are the interfacial free energy 
densities for the interfaces indicated by the subscripts 
and which are considered essentially constant, and A, 
B and C, the dihedral angles, after Smith. The three 
angles are the variables which are defined by these 
equations if the relative values of the e’s are known. 
Since A+B+C = 360°, one of the equations is not 
necessary, and thus two equations suffice to define the 
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Fig. 21—Diagram of traces of interfaces. 


equilibrium seometry. If we now postulate, in addi- 
tion, that two boundaries are free to migrate while 
one cannot, for example consider trace 1-2 as the non- 
migrating one in fig. 2la, then the point 0 is free to 
move only along 1-2, either in the direction of exten- 
sion, or contraction of this interface. This postulate 
then ‘reduces the two equations defining equilibrium 
to one equation. (It is tacitly assumed that all the 
boundaries maintain minimum surfaces throughout the 
adjustment toward equilibrium, so that the traces of 
fig. 21 are always straight. If the traces would take on 
curvature in reaching equilibrium dihedral angles, 
then two angles remain independent for this case and 
two equations are still required.) On examining the 
first of the three equations above, it is seen that solu- 
tions can be obtained by having either the two cosines 
negative, or only one of them negative. The former 
solution requires the two angles A and B, to be both 
greater than 90°, while the latter solution requires 
only one greater than 90°. The latter solution permits 
angles greater than 180° for C when e,, is significantly 
smaller than either of the other two e’s. Thus, the con- 
figuration shown in fig. 21b can be stable for certain 
combinations of the interfacial energy values, which 
configuration is found occasionally in microstructures 
. containing annealing twins. Smith’ has pointed out 
that the large angle cusps found at twins indicate that 
twin boundary energies must be relatively small, which 
condition particularly satisfies the requirements of the 
greater-than-180°-dihedral-angle solution. 


J. P. NIELSEN, Department of Metallurgy, New 
York University, New York, N. Y.; J. T. WABER, Los 
Alamos Scientific Laboratory, Los Alamos, New Mex- 
ico; R. SMOLUCHOWSKI, Metals Research Labora- 
tory, Carnegie Institute of Technology, Pittsburgh, Pa. 


J. T, WABER—Is hot shortness the same type of 
phenomenon as corrosion by liquid metals? 

R. SMOLUCHOWSKI—tThe difference in the angle 
at both ends of the foreign phase inclusion may be 
due simply to the fact that the grain boundary is not 
flat. The two boundaries of, for instance, a “lens” shaped 
inclusion and the grain boundary form a closed curve. 
If the curve is not a circle, which will happen when 
the grain boundary is not flat, then the cross-section 
of the inclusion with the surface of the sample will, in 
general, produce unequal dihedral angles. 

Cc. S. SMITH—Dr. Nielsen replies to his main argu- 
ment in his own footnote. Although it is preferable to 
use the term “interface free energy” for the driving 
force behind the phenomena under discussion, it is 
equally permissible to use the term “surface tension.” 
The two are mathematically identical, despite the fact 
that in crystalline solids there may exist surface com- 
pressional forces. For all but the most mathematically 
minded the tension concept is more easily visualized. 
Dr. Nielsen’s solution of the twin boundary problem is 
a result of the track model that he used, which I fully 
accept, and is not a result of using energy in place of 
tension. 

I completely agree with Dr. Waber that interface 
energy is an important factor in stress corrosion crack- 
ing, particularly by molten metals, but probably in 


other cases also. 


P-type and N-type Silicon and the Formation 

of the Photovoltaic Barrier in Silicon Ingots 

by J. H. Scaff, H. C. Theuerer, and E. E. Schumacher 
DISCUSSION, W. C. Ellis presiding 


W. C. ELLIS—As Mr. Scaff indicated, the added con- 
stituents were present to an extent of less than one- 
hundredth of a percent, and yet there was a marked 
segregation of the phosphorus and boron, not the same 
for the two elements. What is known about the con- 
stitution diagram of silicon-phosphorus and silicon- 
boron? Are these elements in solid solution? 

J. H. SCAFF (authors’ reply )—X-ray studies by E. S- 
Greiner have shown that boron and phosphorus enter 
into substitutional solution in silicon. His results were 
reported in a recent paper by Pearson and Bardeen.” 


10G. L. Pearson and J. Bardeen: Phys. Rev. (1949) %5, 865-883. 


W. D. ROBERTSON—I should like to ask whether 
the temperature dependence of resistivity has been 
investigated and, if so, with what result. 

J. H. SCAFF—Pearson and Bardeen” determined 
the resistivity of silicon-boron and silicon-phosphorus 
alloys from 87° to 900°K and interpreted the results 
in terms of the band theory. At elevated temperatures 
intrinsic conductivity is observed. In this region large 
negative temperature coefficients of resistance are 
found and the conductivity is independent of impurity 
concentration. At room temperature the conductivity 
depends upon the concentration of impurities. 


W. C. ELLIS, Bell Telephone Laboratories, New 
York, N. Y.; W. D. ROBERTSON, Institute for the 
Study of Metals, University of Chicago, Chicago, IIl.; 
H. E, STAUSS and M. C. BLOOM, Naval Research 
Laboratory, Washington, D. C. 


H. E. STAUSS—In the compensation of boron by 
phosphorus, do you picture that both the boron and 
phosphorus remain in solution and are not removed 
by the separation of a second phase such as an inter- 
metallic compound? 

J. H. SCAFF—We have no evidence that the com- 
pensation mechanism involves compound formation 
and the separation of a second phase. We prefer simply 
to consider that the boron and phosphorus remain in 
solution and that the valence bond deficiency intro- 
duced by the trivalent atom is eliminated by the ex- 
cess electron introduced by the pentavalent atom. 

M. C. BLOOM—Do you get analogous phenomenon 
with germanium? What is the frequency response of 
this photo effect? 

J. H. SCAFF—Analogous effects are observed in 
germanium. The peak in the spectral response of the 
p/n boundary in silicon is about 1.1 microns while that 
for comparable germanium boundaries is about 1.6 
microns. 


Microstructures of Silicon Ingots 
by W. G. Pfann and J. H. Scaff 
DISCUSSION, W. C. Ellis presiding 


Cc. S. SMITH—As the authors point out, the location 
and general shape of the banded-structure zone show 
that it must bear some relation to the interface be- 
tween solid and liquid, advancing during solidification. 
It seems to be quite independent of crystallographic 
features. Is it possible that the structure is related to 
Liesegang rings, and is a result of successive super- 
saturation, nucleation, precipitation, and depletion of 
some constituent of very low diffusion rate? 

W. G. PFANN (authors’ reply)—While we cannot be 
definite about the exact nature of the striae, the best 
evidence we have indicates that they are the result of 
variations in solute concentration in the solid produced 
during the freezing process. It will be noted that al- 
though faint striae are visible throughout the p-type 
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and n-type regions, the markings are much sharper at 
the p-n barrier. The accentuated etch-attack at the 
barrier may possibly be an electrochemical etching 
effect arising from the photovoltaic properties of the 
barrier. 

J. F. RADAVICH—In working with the electron 
microscope at Purdue, we have found some interest- 
ing things about germanium, in particular, at these 
p- and n-type areas. We have found that in the cathodic 
etching of the material, where the metal is sputtered 
off, there is a very different type of-grain boundary 
than when the etchant is an acid. I suggest that you 
might try this cathodic etching. 

We observed not one grain boundary but a grain 
boundary area made up of three different types of 
structure. The crystallographic structure of the first 
part of the grain boundary was oriented at an angle 
of 45°, and this layer was followed by a band of struc- 
tureless material. The third part of the grain boundary 
was similar to the first band in crystallographic struc- 
ture, but it was oriented at an angle of 90° to the first 
band. 


C. S. SMITH, Institute for Study of Metals, Univer- 
sity of Chicago, Chicago, Ill.; J. F. RADAVICH, De- 
partment of Physics, Purdue University, Lafayette, Ind. 


W. G. PFANN—Dr. Radavich’s statement brings to 
mind other features of these microstructures. We have 
found rather unusual etch patterns in certain parts of 
the ingots, particularly in the n-type regions, for 
example, quite perfect hexagons, and a structure re- 
sembling shingles on a roof. It is interesting that 
shingle-like etch patterns were reported in 1905 by 
Albro in the Transactions of the American Electro- 
chemical Society. Another means of showing up the 
p-n barrier has been used by H. C. Theuerer. The 
method is to immerse a p-n barrier specimen in a 
copper-plating solution, making contact, with forceps, 
only to one side of the barrier. The copper plates out 
only on the side held in the forceps. Because of the 
electrical resistance of the p-n barrier, the other side 
does not become plated. 


Electrical Properties of the Intermetallic 
Compounds Mg. Sn and Mg, Pb 


by W. D. Robertson and H. H. Uhlig 
DISCUSSION, A. Jones presiding 


J. H. SCAFF—Are any rectification or photoelectric 
effects observed when these materials are applied to 
other metals? 

W. D. ROBERTSON (authors’ reply )—Possible photo- 
electric effects were not investigated. Rectification 
efficiency is low, though the method used was inade- 
quate and this property should be redetermined, 

M. A. STEINBERG—I talked to Dr. Robertson con- 
cerning the difficulty of melting and casting these 
intermetallics to obtain compounds of the correct 
stoichiometric composition. We have tried several pro- 
cedures and one method that seems to work, if one is 
only interested in very thin layers of the intermetallic, 
is diffusion treatment. 

. In the case of magnesium and tin, two %4-in. diam 
disks were used, one being placed on the other in a 
¥%-in. diam hole in a graphite boat. A weight was 
placed on the disks and they were heated over the 
melting point of the tin but under the melting point 
of the magnesium. After the diffusive treatment, the 
disks could be easily split apart at the interface and 
a very thin layer of intermetallic was found to be 
present on the contact surface of the magnesium. This 
procedure has been used successfully to form thin 


J. H. SCAFF and W. C. ELLIS, Bell Telephone 
Laboratories, New York, N. Y.; M. A. STEINBERG, 
Horizons, Inc., Cleveland, Ohio. 


layers of the intermetallics of magnesium with Sn, Pb, 
Bi, and Sb, and a thin layer has been found in most 
cases to be present on the contact surface of the more 
refractory metal. ; 
W. D. ROBERTSON—The difficulty in diffusion 
methods of preparation is precipitation of the com- 
pound at the interface which, because there is essen- 
tially no solid solubility, acts as an impervious barrier 
to further diffusion and formation of the compound. 
In fact, this method was used by Hume-Rothery”™ to 


16 W. Hume-Rothery: Jnl. Inst. Metals (1927) 38 (2), 127. 


prove the absence of solid solubility in the Mg.Sn com- 
pound; he immersed magnesium in molten tin for some 
weeks and obtained only a microscopically thin sur- 
face film which did not penetrate further on re-immer- 
sion for a considerable time. 

We attempted to prepare Mg.Si by analogous methods 
but without success. However, we did not apply pres- 
sure which, in Dr. Steinberg’s method, apparently 
breaks the film allowing further reaction to take place. 
This method does not produce the compound in a form 
permitting an absolute measurement of conductivity 
which is necessary for an adequate evaluation of elec- 
trical properties. It may, of course, be sufficient for a 
determination of rectification but, in that case, there 
may be some question regarding the composition at the 
point of contact. 

W. C. ELLIS—It is suggested that metallic type con- 
duction in Mg.Pb is due to the lead atom being incom- 
pletely ionized; it therefore exhibits a valence of less 
than four. 

W. D. ROBERTSON—The question of the metallic 
conductivity of Mg.Pb is one of the significant aspects 
of this work. It seems that there are two possibilities. 
Either the energy gap is so small that a limited num- 
ber of electrons are promoted at room temperature, or 
the assumption of quadrivalent lead is inaccurate. 
According to Pauling’s theory the latter is probably 
correct but it is then somewhat difficult to explain the 
high resistivity which indicates that electrons are not 
as free to move as in a typical metal. No conclusive 
answer can be given until more data are available. 


Ferromagnetic Alloys in the Systems 
Cu-Mn-In and Cu-Mn-Ga 


by F. A. Hames and D. S. Eppelsheimer 
DISCUSSION, A. Jones presiding 


R. I. JAFFEE—In some work I did sometime ago on 
nickel manganese alloys, on the ordered alloy, Ni,Mn, 
I noticed that the quality of magnetism developed, hard 
or soft ferromagnetism, was markedly effected by 
manganese content. On the low manganese side, the 
ferromagnetism was soft, and on the high manganese, 
the ferromagnetism was quite hard. I wonder if that 
might also occur in the present type of ordered ferro- 
magnetic alloys containing manganese? 

F. A. HAMES (authors’ reply)—I do not know. 


R. I. JAFFEE, Battelle Memorial Institute, Colum- 
bus, Ohio. 


The Beryllium-iron System 
by R. J. Teitel and M. Cohen 
DISCUSSION, P. A. Beck presiding 


H., MORROGH—The point of particular interest in 
this paper concerns the structures obtained containing 
the eutectic which, according to these investigators 
occurs at 77 pct beryllium and 1225°C. : 

Fig. 13 shows the structure of a sample containing 
1 at. pet iron with large primary grains of theta with 
epsilon representing the degenerate eutectic. In fig. 14, 
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taken from an alloy containing 2.3 at. pet iron, the 

degeneration of the eutectic is less pronounced and it 
can be seen that in the eutectic the epsilon is the con- 
tinuous phase. I find that it is usually possible to say, 
in most binary eutectics, that one phase is the dis- 
persed phase and that the other is the continuous phase. 
Furthermore, it seems that when the primary deposi- 
tion corresponds to the dispersed phase of the eutectic, 
degeneration of the eutectic can occur. This is in line 
with the structure shown in the two micrographs re- 
ferred to above. However, in fig. 16, showing the struc- 
ture of an alloy containing 5.2 at. pct of iron (this 
alloy being, as it were, from the other side of the 
eutectic) we have primary epsilon together with the 
eutectic. In this case, however, if the description is 
correct, the epsilon appears to be the dispersed phase 
and the theta appears to be the continuous phase. 


H. MORROGH, The British Cast Iron Research Asso- 
ciation, Birmingham, England. 


I am wondering whether there could have been some 
mistake in the reproduction of these micrographs or 
whether the structures and the equilibrium diagram 
are exactly as described by the authors, since in my 
experience it appears that one can state as a general 
rule that the dispersed phase remains as such regard- 
less of the type of primary phase which is present. 
Based on this general theory, one would have expected 
that the structure shown in fig. 16 represented primary 
theta surrounded by the eutectic, and therefore if the 
alloy contains 5.2 at. pct of iron, then the eutectic point 
under consideration must be in a different position 
from that indicated by the authors. 

On the other hand, if the facts presented by the 
authors are absolutely correct, then we have an in- 
teresting case (perhaps even an anomalous case) of a 
eutectic, the dispersed phase of which varies according 
to the nature of the primary phase present. 

R. J. TEITEL and M. COHEN (authors’ reply) —We 
agree with Dr. Morrogh that the matrix and dispersed 
phases of a binary eutectic usually remain as such, 
irrespective of the primary phase coexisting with the 
eutectic. This means that there is no fundamental 
change in the state of aggregation of the eutectic struc- 
ture whether the alloy composition is on one side or 
the other of the eutectic composition. 

However, this rule may break down in the case of 
“degenerate” or “divorced” eutectics. Such instances 
tend to occur at compositions near the primary phases, 
where the corresponding phase of the eutectic crystal- 
lizes on the large quantity of primary phase present 
and leaves an excessive amount of the second phase 
in the remaining (degenerate) eutectic. In our experi- 
ence, such degeneracy is by no. means confined to the 
_ side of the diagram on which the primary phase cor- 
responds to the dispersed phase of the eutectic. 

While it may be true that degeneracy occurs more 
readily when the primary phase is the same as the 
dispersed phase of the eutectic, nevertheless this phe- 
nomenon may also occur when the primary phase is 
the same as the matrix phase. In fact, the latter situa- 
_ tion may so reduce the amount of the normal matrix 
phase in the eutectic, and may so alter the solidifica- 
tion of the remaining eutectic, that the normally dis- 
persed phase becomes the matrix of the eutectic. . 

It should also be emphasized that our beryllium-rich 

alloys solidify as ternary rather than binary composi- 
tions (fig. 10). This may complicate the matter still 
_ further, and render it quite risky to place too much 
weight on the state of aggregation of the eutectics as 
observed. Dr. Morrogh has described the micrographs 
correctly; there is a change in the matrix phase of the 
eutectic from theta (normal) to epsilon when the iron 
content is so low that an excessive quantity of the 
eutectic theta crystallizes on the predominating pri- 
mary theta. This causes the epsilon to become the 
matrix of the degenerate eutectic in figs. 13 and 14, in 
contrast to the normal theta matrix in the higher iron 
alloys of figs. 15 and 16. 


In view of the foregoing, we believe that the micro- 
structures are consistent with the diagram as published. 
Moreover, we have been unable to conceive of any 
other diagram which would account for the many 
thermal and X-ray determinations. 


Solubility of Titanium in Liquid Magnesium 
by K. T. Aust and L. M. Pidgeon 
DISCUSSION, T. E. Leontis presiding 


W. C. LILLIENDAHL—Is there any information on 
the solubility of magnesium in titanium? 

K. T. AUST (authors’ reply) —There was no experi- ~ 
mental work done on the high titanium end of the 
system. Results were obtained only for the low titan- 
ium side. 

G. EDMUNDS—In table I the last two columns 
headed “Pct,” and “Titanium,” respectively, should be 
under a single heading “Pct Titanium” according to 
the authors since these columns are duplicate analy- 
ses of the same specimen. In the middle of the table 
under “Holding Time, Hours,” no holding time is given 
for the first four figures because, according to the 
authors, these are not liquid samples but were taken 
from the tops of the other billets after they had 
solidified and that is where the temperature figures 
651 arise. Regarding this paper and the one by Nelson 
and Sager, has the method introduced by Fink and 
Freche” of testing the results of liquidus determina- 
tions been used? 


W. C. LILLIENDAHL, Westinghouse Research Co., 
Bloomfield, N. J.; G. EDMUNDS, American Brake Shoe 
Co., Mahwah, N. J. 


K. T. AUST—The method introduced by Fink and 
Freche was applied to the liquidus results obtained 
for titanium in magnesium at 700°C,:775°C, 850°C. 
Using these limited number of values, a straight line 
plot was obtained between the log of the at. pct of 
Ti in Mg vs. 1/T. 

A letter to the author from A. C. Loonam, New 
York, N. Y., indicates that earlier data on this subject 
was available in the literature.“ Notes taken on this 
reference indicated that molten magnesium was 
treated with sufficient titanium tetrachloride to yield 
an alloy containing 10 pct titanium. After all of the 
TiCl, had been added, the supernatant metal was cast. 
It was found to contain 0.08 pct Ti. Much of the 
residue remained solid in the crucible and did not 
melt, even at temperatures so high that the magnesium 
volatilized and caught fire. This work was probably 
only of a qualitative nature but it does confirm the 
Aust and Pidgeon conclusions regarding the relatively 
low solubility of titanium in molten magnesium. 


References 


%W.L. Fink and H. R. Freche: Trans. AIME (1934) 
111, 304. 

# Grogan and Schofield: Influence of Volatile Chlo- 
rides on Magnesium and Copper. Jnl. Inst. Met. (1933) 
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Liquid Solubility of Manganese in a 
Magnesium-aluminum-tin Alloy 
by B. J. Nelson and G. F. Sager 
DISCUSSION, T. E. Leontis presiding 


G. ANSEL—Have the authors compared the solu- 
bility curve of manganese in molten AM65 alloy with 
the solubility curve of manganese in a molten Mg- 
3.5 pet Al alloy? 


G. ANSEL, Magnesium Laboratories, Dow Chemical 
Co., Midland, Mich.; G. EDMUNDS, American Brake 
Shoe Co., Mahwah, N. J. 
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Fig. 5—Solubility of Mn in molten AM65S. 


B. J. NELSON (authors’ reply) —We have made 
such a comparison» At any given temperature, the 
liquid solubility of manganese in AM65S is lower than 
that in alloys of comparable aluminum content, indi- 
cating that tin depresses the solubility of manganese. 

G. EDMUNDS—Have the authors plotted their re- 
sults as the log of the atomic percent against the re- 
ciprocal of the absolute temperature? 

B. J. NELSON—Yes, such a plot is shown in fig. 5. 


A Metallographic Description of Fracture in 
Impact Specimens of a Structural Steel 


by M. Baeyertz, W. F. Craig, Jr., and E, S: Bumps 
DISCUSSION, J. J. Heger presiding 


J. A. KIES and G. R. IRWIN—We are gratified to 
see this paper as an example of better descriptions of 
fracture which are rapidly appearing in the literature. 
It is especially important to have pointed out the 

The opinions expressed herein are those of the writers and do 
not necessarily reflect the views of the Navy. 
similarities which are to be found on fractures in mild 
steel broken at different temperatures. It is these 
similarities which lead us to believe that a good under- 
standing of fracture mechanisms is not too difficult to 
achieve. The authors have performed a valuable serv- 
ice in explaining fractographic features in terms of 
dynamic effects, for example, the rumpling of cleavage 
facets by plastic flow. We hope that someone will re- 
late this action in a quantitative way to the delay time 
for plastic flow already studied by Clark and Wood.° 

The authors could have referred to much additional 
work to support and amplify their view of the dis- 
continuous nature of fracture, notably that of Ellinger 
and Williams,’ of Tipper,® and of Shevandin.® 

The authors’ interpretation of fig. 3a and b should 
probably not be taken as proof that complete absence 
of plastic action existed on the cleavage facets of speci- 
mens labeled 100 pct brittle. 

On figs. 3a, b, c, and d may be found dark lines which 
represent level differences between adjoining smoother 
portions of the fracture. It can be shown that these 
different levels are produced by separately initiated 
or nucleated fractures. The main reason why this may 
not be obvious is the remarkably fine scale on which 
the nucleations usually occur in such brittle fractures. 
Although the lines in figs. 3a and b are relatively 
straight they differ little in origin from those in 3c 
and d. We like to call this feature the river system. 
_ The fracture travels with a scalloped front in the gen- 
eral direction of combining tributaries. These are prom- 


J. A. KIES and G. R. IRWIN, Naval Research Lab- 
oratory, Washington, D. C.; L. D. JAFFE, Watertown 
Arsenal, Watertown, Mass.; R. H. ABORN, Research 
Laboratory, U. S. Steel Corp., Kearny, N. J.; G. A. 
MOORE, Department of Metallurgy, University of 
Pennsylvania, Philadelphia, Pa.; W. H. BRUCKNER, 
Department of Metallurgical Engineering, University 
of Illinois, Urbana, II. 


inent in fractures of glass and hardened steel as well 
as on cleavage facets of crystals. 

The origin of the separate tributaries may be con- 
veniently studied by using samples of plastics pur- 
posely molded or otherwise conditioned to produce : 
gradually varying degrees of brittleness. Our fig. 19, 
taken at X1000, shows an example of fracture nuclea- 
tion in lucite. The sharp lines mark off different parts 
of the fracture at different levels. Ample evidence 
exists to prove that the parabola-like figure was gen- 
erated by the interference between a fracture nucleated 
at its focus and the main fracture coming toward it. 
The lines or streamers under suitable conditions com- 
bine as tributaries to form the familiar river system. 

An example of the effect of a flaw is shown in fig. 20. 
Miss A. M. Sullivan of the Fracture Studies Group 
prepared this to show almost identical structures in 
tool steel and in cellulose acetate. Both views show a 
nucleated fracture having originated from what ap- 
pears to be a hole. This need not be surprising, but 
the observation that this feature can be found again 
and again on finer and finer scales, as far as optical 
resolution will permit, leads us to believe that frac- 
tures, however brittle, contain uncountable numbers 
of localities in which it is reasonable to assume that 
plastic action may have occurred around nucleating 
flaws. The conclusions of Gough regarding his experi- 
ments on antimony single crystals” could similarly be 
reinterpreted. He stated that although no slip was 
observed, fracture did initiate on planes that one would 
normally expect to be slip planes. We maintain that 
complete absence of slip, at least locally, is not estab- 
lished by anyone’s failure to observe it in a particular 


Fig. 19—Large parabola with small-scale com- 
ponents in lucite. 


X1000. Area reduced approximately three fourths in 
reproduction. 


attempt by ordinary microscopy—even in crystals not 
supposed to have slip planes in the usual sense. 

The mechanism of joining separately nucleated frac- 
ture components will be discussed in a forthcoming 
paper by members of the fracture studies group at the 
Naval Research Laboratory. 

L. D. JAFFE—I would like first to compliment the 
authors on this very excellent piece of metallographic 
work. They found the transition temperatures of the 
transverse and longitudinal specimens to be essentially 
the same. They were studying a structural steel. Our 
experience has been primarily on heat-treated alloy 
steels, and on these materials we have generally found 
that the transition temperature is significantly higher 
for the transverse specimens than the longitudinal. 
Would the authors care to comment on this? 

R. H. ABORN—To commend a technical paper has 
become a rather trite custom, nevertheless in this in- 
stance it is most certainly warranted, for this paper 
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Fig. 20—The effect of a flaw 

within crystal in tool steel 

produces a fracture pattern 

almost identical with one found 

in a brittle fracture in cellulose 
acetate. 


X500. Area reduced approximately 
five ninths in reproduction. 
a. Cellulose acetate b. Tool steel 


gives us the first lucid and convincingly documented 
pee con to the nature of fracture in notched bar 
ests. 

There is only one point on which I believe a word 
of caution is in order. This has to do with an implica- 
tion in the summary that pearlite may be a crack 
arrester, acting as a barrier to the propagation of frac- 
ture in ferrite. I suggest that this is probable only 
when pearlite is a minor constituent as in mild steel. 
When it becomes a major constituent as in medium 
and high-carbon steels, it absorbs less energy than 
ferrite in fracturing, and its transition temperature in 
eutectoid steel is much above that of mild steel. _ ~~ 


It is to be hoped that the authors will continue the. 


excellent work they have begun. 

G. A. MOORE—This paper represents an important 
and logical forward step toward the development of 
a metallography of fractured surfaces, a field which 
should attract far more attention than it has yet re- 
ceived. I am pleased that the authors have chosen to 
promote the development of this subject. 

As this type of study is so little known, it would 
appear desirable to point out a few places where pos- 
sible misinterpretations might occur. The discussion of 
fig. 3 might appear to imply that there is a progressive 
and characteristic change of the cleavage appearance 
with the degree of brittleness of the specimen. I do 
not believe this is intended, as in the work mentioned 

in ref. 4 it was clear that most of these appearances 
could be found on occasion in a single specimen. The 
abundance of the regular and irregular cleavages pre- 
sumably changes through the series of specimens, but 
since it is not convenient to examine more than a few 
facets of the specimen in detail, it may be important 
to note that these few may sometimes be misleading. 

The interpretation of lines, such as the presumed 
slip lines of fig. 3f, and g (h?) requires great care. It is 
possible to limit the crystallographic families to which 
such lines can belong by measurement of angles in the 

_ photographs. Such measurements of lines in the micro- 
graphs published in ref. 4 have shown that assignment 
to known slip systems cannot be justified, except in 
limited cases. There is considerable evidence that many 
of the nonrectangular markings should be assigned to 
imperfections existing within the grain before the start 
of deformation. The general fact of distortion or plastic 
flow in the less brittle specimens is not, however, open 
to serious question. 

In the light of considerable other evidence which 
has already appeared on cleavage failures in mild steel, 
this paper would appear to be conclusive demonstra- 
tion that the failures are in fact in the ferrite bands. 
While the reduction of banding thus would appear de- 
sirable toward solving the practical difficulty, it does 


not yet appear to be time to conclude that such brittle 
cleavage is inherent in ferrite. It might be noted that 
no hydrogen analysis is given in this paper, and that 
the implied size of the piece studied indicates that the 
hydrogen should not be below the danger limit. Other 
impurities also may be suspected of embrittling the 
ferrite, and, of the elements reported, neither the phos- 
phorus nor the silicon, while low, can as yet be elim- 
inated from suspicion. The search for the reasons be- 
hind the brittleness of the ferrite should therefore be 
continued. It appears that the methods demonstrated 
in this paper may be very helpful in this search, and 
it is to be hoped that its authors will extend the work 
to include this phase of the problem. 

W. H. BRUCKNER—This is an interesting study and 
as the authors had hoped it adds “a little to the grow- 
ing fund of experimental observations of the nature 
of fractures in steel.” The recording of the macro and 
microstructures in the photographs shown in the paper 
gives evidence of the careful procedures and beautiful 
techniques of the authors. The use of a heavy nickel 
plate is also shown to give ideal edge protection, al- 
though somewhat better contrast with the ferrite would 
have been desirable. 

However, the information one gets from such a study 
depends upon the interpretation of the observed micro- 
structure and I should like to suggest that other inter- 
pretations of some of the authors’ micrographs may be 
different from their own interpretation and just as 
reasonable. This whole problem of fracture as observed 
under the microscope is difficult to resolve because of 
the disposition of a crack system in three directions 
while the plane of polish for metallographic examina- 
tion resolves only two of these directions. The start of 
the crack system may be hidden in the metal lying 
under the polishing plane or in the metal removed 
during polishing. Therefore, it would appear most use- 
ful to develop a method of first identifying the crack 
system in three dimensions, then using the metal- 
lographic method to identify its microstructural path. 
No doubt the authors share with others the wish that 
such a method were available. The fact that a crack 
system ends at a certain microconstituent cannot be 
interpreted as evidence that the crack was stopped by 
the microconstituent. The crack may have been started 
by the particle or in an area surrounding it. It would 
seem therefore just as reasonable to interpret portions 
of the authors’ micrographs of figs. 8, 9, 11, 17, as indi- 
cating that the cleavage fracture is initiated some- 
where within the pearlite grains from which the cleav- 
age spreads in ferrite grains bordering the pearlite. 

I should like to cite some observations from my own 
work in the same field as that of the authors. The 
metallographic work which I have conducted is a by- 
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product of a program of axial tension impact tests of 
structural steels which has in part been published.* A 
cylindrically notched specimen was used to confine 
fracture to a definite region under the notch. Since the 
specimen is stressed in tension there is not the proba- 
bility always associated with the Charpy impact speci- 
men of compressional deformation having preceded 
deformation in tension at least in one half of the speci- 
men volume under the notch. In the axially loaded 
specimen the principal stress direction is known, as is 
its orientation with respect to the fracture microstruc- 
ture observed. Furthermore, such a specimen may be 
loaded in impact at any desired energy level above or 
below the energy required for fracture. Under these 
conditions, I have been able to obtain specimens which 
under the microscope illustrate the actual sequence of 
fracture. This study is almost completed and will be 
published in detail in the near future. A few observa- 
tions on the study are given as follows: 

Fig. 21 shows the typical first stage of fracture in 
the pearlite lamellae which is always observed in the 
region of the transition temperature in pearlite colonies 
for which the carbide lamellae are oriented parallel 
with the principal stress or at a maximum angle some- 
what less than 45° to the principal stress. The principal 
stress is always in the top-to-bottom direction in the 
micrographs shown. The unetched microstructure 


shown in fig. 22 gives proof that an actual fracture 
exists. A carbide etch further revealed the locus of the 
incompleted fractures to be the carbide lamellae. Car- 
bides at ferrite grain boundaries were also found to 
be regions of initial fracture, fig. 23. Later stages of 
fracture involving cleavage at, above, or below the 
transition temperature appear to be associated with 


Fig. 23—Sample tested at 20°F with 13.8 ft-Ib initial 
energy. 


5 pet Nital Etch. K4000. (Area reduced approximately four 
ninths in reproduction.) 
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Fig. 22—Sample tested at 77°F with 25.6 ft-lb initial 


energy. 
Unetched. X2000. 


the initial pearlite fracture although at temperatures 
below the transition there is a lower frequency of such 
association. At lower temperatures twin-generated 
cleavage becomes quite frequent. An example of the 
latter is shown in fig. 24, in which two sets of mechani- 
cal twins are shown with a cleavage fracture originat- 
ing at the intersection of the twins. The cleavage frac- 
ture is identified as such by means of the corner of the 
incompletely developed etch pit shown in the center 
of the field. The cleavage is parallel with (100) one of 
the sides whereas the twins are parallel with the 
diagonals (111) or (110) of the cube. 

Incidentally, fig. 24 shows that twins do not go through 
lamellar pearlite while the cleavage fracture does. 

The question of whether cleavage follows or precedes 
twinning is answered in fig. 25 in which three sets of 
twins appear in a ferrite grain with a cleavage crack 
across the twins. The twins have translated across the 
faulting plane of cleavage thus showing that the twin- 
ning occurred first and cleavage followed. 

M. BAEYERTZ (authors’ reply)—The authors wish 
to thank those who have discussed this paper. They 
appreciate very much the additional information on 
fracture that has formed a large part of some of the 
discussions. 

We are indebted to Dr. Kies and Dr. Irwin for the 
references which they have supplied. We agree with 
them that the cleavage facets in our fig. 3a were formed 
by nucleation and propagation of cleavage cracks, and 
that the formation of the cleavage facets in this figure 
may involve plastic deformation on a scale that can- 
not be detected by ordinary metallographic techniques. 
We did not intend to imply that, because we had not 
observed it, such deformation could not be present. 
Our purpose was to point out the microscopically ob- 
servable differences in the appearance of the cleavage 


facets that was brought about by raising the tempera- 


ture in notched bar impact tests of a structural steel. 

With regard to Dr. Jaffe’s question, the essential co- 
incidence of the longitudinal and transverse transition 
temperatures observed in this work applies of course 
to the as-rolled condition of a structural steel. We are 
not prepared to say that this situation maintains in 
heat-treated alloy steels; and in view of Dr. Jaffe’s 
comment, it appears that it does not. 

Dr. Aborn’s word of caution on pearlite as a crack 
arrester is certainly in order. As he pointed out, our 
observation applies to a banded structure of ferrite 
and pearlite in mild steel. There, the pearlite bands 
appear to arrest the propagation of cleavage started 
within the ferrite bands. Stress distribution on loading 
such a banded structure is different on a microscopic 
scale than is the case where carbide is more uniformly 
distributed, as in a wholly pearlitic structure. 

While not in entire agreement with some of Dr. 


- Moore’s contentions, our observations represent only a 
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small addition to a growing but as yet incomplete 
knowledge of fracture, leaving plenty of room for dis- 
cussion. However, we do wish to state that we observed 
a progressive and characteristic change in the micro- 
scopic appearance of the cleavage facets of the macro- 
scopically “brittle” portion of impact specimen frac- 
tures as the testing temperature was raised through 
the transition range. Moreover, this observation was 
based on examination of a large percentage of the 
cleavage facets on each specimen. In each fracture, 
there was some range in the appearance of the cleav- 
ages, as illustrated by our figs. 3d and e, and 3g and h; 
but careful observation failed to establish a wider 
range of appearance than that illustrated by these 
figures. 

The question whether brittle cleavage is “inherent” 
in ferrite is one to which metallurgists have devoted 
considerable attention. We used “ferrite” to designate 
the body-centered, iron-base solid solution crystals 
present in as-rolled structural steel. Silicon and phos- 
phorus were present in this solid solution; quite pos- 
sibly, hydrogen also. Defining ferrite in this way, it 
does appear to have a tendency to cleave. This is not 
to say, however, that the silicon, phosphorus, and 
hydrogen contents will not influence this tendency, for 
it is already well known that they do. 

We are gratified, indeed, to have Professor Bruck- 
ner’s comments and the additional information which 
he presented from his own investigations. We believe 
that the stress-strain relations in the tests cited from 
his work are somewhat different than in our tests, and 
that this may account for the apparent discrepancy in 
the two sets of observations. We are heartily in agree- 
ment that three dimensional observations are neces- 
sary, and hope eventually to be able to surmount some 
of the difficulties encountered in such observations. 
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The Effect of Ferrite Grain Size on Notch 
Toughness : 
by J. M. Hodge, R. D. Manning, and H. M. Reichhold 
DISCUSSION, J. J. Heger presiding 
R. J. GREENE—Referring to fig. 14, it is surprising 


to find the impact values at —150°F so low for a 3% 


pet nickel steel of No. 5 grain size. Would these values 
be improved had a heat-treated steel of the desired 
grain size been tested rather than the as-rolled ma- 
terial? 

S. J. ROSENBERG—I would like to ask the authors 
whether or not the results presented by them have 
been checked by tests on additional heats of steel of 
similar chemistry. The reason I ask this is because 
many years ago we did some work at the Bureau of 
Standards in which we studied the effect of heat treat- 
ment upon the notched bar impact toughness of a 
series of SAE 1050 steels. We had six steels altogether, 
three of them aluminum-killed and three silicon-killed, 
and found that the impact properties of the individual 
heats varied widely. It seemed as if each heat of steel 
had its own characteristic impact-temperature curve 
and, strange as it may seem, the deoxidation practice 
had no discernible effect upon the toughness of the 
steels as heat treated. Because of the variations in im- 


pact properties frequently found in presumably similar 


steels, I believe that in any work of this nature it is a 
good idea to include samples from a few additional 
heats of similar steel, if only for a spot check. 


R. J. GREENE, Bayonne Laboratories, International 
Nickel Co., Bayonne, N. J.; S. J. ROSENBERG, Na- 
tional Bureau of Standards, Washington, D. C.; I. R. 
KRAMER, Materials Branch, Office of Naval Research, 
Washington, D. C.; M. A. SCHEIL, Metallurgical Re- 
search, A. O. Smith Corp., Milwaukee, Wisc. 
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I. R. KRAMER—Was any change in yield point 
noted, especially for the nickel steels where no change 
in impact transition temperature was found? Did the 
elongation at the yield point change with nickel con- 
tent or with grain size? 

M. A. SCHEIL—Our experience with commercial 
rolled plates of 3 to 3% pct nickel steel of about 0.10 
to 0.20 pct carbon indicates that sometimes a single or 
double normalizing is required to obtain Charpy im- 
pacts of 15 ft-lb at —150°F. With 8% pct nickel steel 
at subzero temperatures generally the Charpy impact 
values are higher when carbon is below 0.10 pct. Have 
the authors tried normalizing their low-carbon steels? 

J. M. HODGE (authors’ reply)—In regard to the 
energy level at —150°F, we have also observed, of 
course, that these transition temperatures in the 0.02 
carbon steel are considerably higher than those of com- 
mercial nickel steels. We certainly do not yet under- 
stand the reasons for these differences, but we believe 
that they may be, to a considerable extent, a reflection 
of the higher carbon content of the commercial steels. 

Mr. Rosenberg has asked whether we tried the 
same thing on other steels. We have not exactly, but 
‘we have studied the transition temperatures of other 
steels as a function of variables such as austenitizing 
temperature and to a certain extent. cooling rate, and 
we have found that the relationship which we found 
in the 0.02 carbon steel holds fairly well in other steels. 
For instance, in a series of ship plate steels, some of 
which were silicon-killed and some aluminum-killed, 
and normalized from different temperatures, we could 
plot transition temperature against ferrite.grain size 
and find the same relationships or similar relationships 
to those reported in this paper. However, in-those cases 
we would get a different line for each steel. The 
aluminum-killed steel would have a different transi- 
tion temperature for a given ferrite grain size but the 
relation to the effect of ferrite grain size was the same. 

In reply to Mr. Kramer, we have made no tensile 
tests on these steels. Neither have we done any double 
normalizing, but the effect of double normalizing would 
presumably be to give finer average ferrite grain and 
this presumably would have resulted in lower transi- 
tion temperatures. 


Investigation of Temper Brittleness in 
Low-alloy Steels 
by S. A. Herres and A. R. Elsea 
DISCUSSION, W. M. Baldwin, Jr. presiding 


I. R. KRAMER—It is usual in the study of temper 
embrittlement to heat treat specimens at temperatures 
in the region of 650°C and compare the results of the 
slowly cooling specimens with those of specimens 
which have been water quenched. Now often, espe- 
cially in steels containing high percentages of manga- 
nese or nickel, there is a three-phase region in the 
neighborhood of these temperatures and there is a 
definite possibility of forming austenite during the 
tempering treatment. If the austenite is not stable it 
will decompose on slow cooling. However, in many 
cases it can be retained on quenching. The stability of 
the austenite will depend upon its composition, which 
in turn depends upon the base composition of the steel, 
the temperature, and the time the specimens are held 
at the temperature. 

Whether or not the decomposition of the austenite 
formed during the tempering treatment embrittles the 
steel depends upon the temperature, or temperature 
range, at which it decomposes. In the work I have been 
able to do on this subject, it was found that on slow 
cooling the austenite could transform at rather high 
temperatures to form ferrite and pearlite. These de- 
composition products do not generally embrittle the 
steel to any great extent if the quantity of the decom- 
position products is not large. In other cases, the aus- 
tenite will decompose at low temperatures to form 


bainite or martensite. For this condition broad a lines 
are generally found in the X-ray diffraction pattern 
and the specimens are greatly embrittled. 

It was also found that in some cases the austenite 
which was retained at room temperature after either 
slow cooling or quenching from the tempering tem- - 
perature could transform upon standing to embrittle 
the steel. 

It is not my intent to explain all temper embrittle- 
ment phenomena by the formation and decomposition 
of austenite during the tempering cycle, but rather to 
point out that temper embrittlement may not be due 
only to one cause. I believe that in any study con- 
cerned with embrittlement as a result of tempering 
in the region of 650°C, care must be exercised to sepa- 
rate the effects of austenite formation and decomposi- 
tion from other temper embrittle phenomena. 

A. R. ELSEA (authors’ reply)—In this investigation, 
structural changes were followed by metallographic 
examination. The small amounts of austenite, referred 
to by Mr. Kramer, would be quite difficult to see under 
the microscope, especially if the austenite was finely 
divided and uniformly distributed. Probably, in work 
of this type, some other method of identifying small 
amounts of austenite should be used. However, in sev- 
eral cases, we determined the complete transition tem- 
perature curves for steels that differed only in phos- 
phorus content. The effects of small amounts of aus- 
tenite which might form during tempering should 
cancel out, unless the variation in phosphorus content 
influenced the amount of austenite which formed as 
the rate of its transformation. 

L. D. JAFFE—In connection with Mr. Kramer’s re- 
marks about the possibility of austenite formation, Mr. 
Elsea mentioned that it is rather difficult to observe 
any austenite formation under the microscope with 
this kind of heat treatment. I am in complete accord 
with that statement, but there are other techniques 
available that are not so difficult. Mr. Kramer has men- 
tioned dilatometric techniques. Another technique we 
have found useful is to apply the same treatment to 
a tensile bar and determine the yield-tensile ratio. If 
you get austenite formation even in amounts too small 
to be ordinarily found under the microscope, there is 
a very marked decrease in yield-tensile ratio, from 
the normal level of 0.8 or 0.9 down to perhaps 0.3. 

J. A. KIES—I would like to point out that Hum, 
Parker and Hultgren of the University of California 
have recently studied temper brittleness in some high 
purity steels. They showed a number of Charpy im- 
pact energy vs. temperature curves for steels contain- 
ing 0.20 pect carbon and various amounts of chromium. 
Temper brittleness was not detected for several com- 
positions. One might assume from their report that it 
should be possible to make some steels free from tem- 
per brittleness, at least according to the current defini- 
tion of the term. 


I. R. KRAMER, Materials Branch, Office of Naval 
Research, Washington, D. C.; L. D. JAFFE, Watertown 
Arsenal Laboratory, Watertown, Mass.; J. A. KIES, 
Naval Research Laboratory, Washington, D. C.; C. T. 
HALLER, Development and Research Division, Inter- 
national Nickel Co., Pittsburgh, Pa. 


C. T. HALLER—Would Mr. Elsea care to elaborate 
on the difference in the quenched microstructure of 
the steels containing 0.02 pct phosphorus as compared 
to those containing 0.005 pct phosphorus? I understand 
that the higher phosphorus steels contained no ferrite 
while the lower phosphorus steels contained a visible 
amount. This is of particular interest when one con- 
siders the alloy content of these steels and also the 
fact that they were brine quenched in a %4-in. section. 

A. R. ELSEA—Hardenability curves were not de- 
termined for the steels used in this study and conse- 
quently we have no actual measure of the difference 
in hardenability resulting from the change in phos- 
phorus content. We did observe a difference in the 
hardening pattern of the high and low phosphorus 
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steels which were water quenched from the austenitiz- 
ing temperature. The low-phosphorus steels contained 
a small amount of ferrite. However, the specimens of 
the low-phosphorus steel used in this investigation 
were brine quenched, and in that condition no ferrite 
was observed. 


The Effects of Molybdenum and Commercial 
Ranges of Phosphorus upon the Toughness 
of 0.40 Pct Carbon Chromium Steels 
by M. Baeyertz, W. F. Craig, Jr., and J. P. Sheehan 
DISCUSSION, W. M. Baldwin, Jr. presiding 


D. J. MACK—There are some apparently contradic- 
tory statements in the Discussion of Results. Near the 


end of the first paragraph, it reads: “Thus it seems — 


reasonable to conclude that phosphorus reduced the 
toughness of the tempered martensite in the absence 
of temper brittleness.” Then in the third paragraph: 
“The data obtained in this study substantiate the evi- 
dence presented by numerous investigators that phos- 
phorus can cause temper brittleness in tempered mar- 
tensite.” 

Conclusions 1 and 2 are similarly contradictory. A 
simple revision of these statements using the authors’ 
definitions should eliminate the confusion. 


'D. J. MACK, Department of Metallurgical Engineer- 
ing, University of Wisconsin, Madison, Wisc. 


M. BAEYERTZ (authors’ reply)—We are glad that 
Dr. Mack brought this question up, because the same 
point was raised in earlier informal discussions of the 
paper. 

In stating that phosphorus reduced the toughness of 
tempered martensite in the absence of temper brittle- 
ness, we referred to the specimens that had been 
quenched in water after tempering at 1150°F. In this 
case raising the phosphorus content of 5140 from 0.020 
to 0.036 pct raised the transition temperature about 
40°F. It was assumed that this tempering treatment 
avoided temper embrittlement, and thus that the 
change in transition temperature was of a different 
nature than the embrittlement brought about by slow 
cooling after tempering at 1150°F. The latter was 
termed temper embrittlement in the paper. 


Discontinuous Crack Propagation— 
Further Studies 
by L. D. Jaffe, E. L. Reed, and H. C. Mann 
DISCUSSION, A. Smith presiding 


G. R. IRWIN and J. A. KIES—Observations of 
microcracks associated with, but not directly con- 
nected to, the main path of fracture in steel were 
reported by Howe and Rosenhain nearly forty years 
ago. The recent work of Jaffe, Reed, and Mann, of 
Baeyertz, Craig, and Bumps, of Tipper, and of Ellinger 
and Williams have now shown rather convincing evi- 
dence that brittle fractures of steel are propagated by 
a discontinuous process. This opinion has been reached 
in the past by various workers from studies of the 
contours of fractured surfaces. Careful descriptive 
studies such as those given in this paper are and will 
continue to be of great importance in developing a 
satisfactory understanding of the fracturing process. 
At the Naval Research Laboratory we have tried to 
assist our understanding with model studies using a 
variety of materials. We have found that the level 
difference lines on fracture surface have systematic 
similarities in brittle fractures of metals and plastics 
and give us detailed information not only on the exis- 
tence of discontinuities in fracturing but also on the 
manner in which these discontinuities develop. A 
paper by Kies, Sullivan and Irwin describes our work. 


A point that may be of interest here is that our evi- 
dence for a discontinuous fracturing process seems to 
include ductile as well as brittle portions of mild 
steel fracturing. For segments of fracture which have 
relatively slow growth or which are accompanied by 
considerable plastic flowing, the apparent absence of 
side cracks does not rule out the possibility that 
such fracture segments grow by discontinuous propa- 
gation on a fine scale. 

J. A. KIES—Fig. 14 is a picture by T. W. George 
taken originally at 30 diam, showing the main crack 
coming in from the left. It is in 2S aluminum foil 
five-thousandths of an inch thick. The foil is rather 
ductile and has been hanging under load for 30 days 
at room temperature. This proves beyond doubt that — 
we have discontinuous fracturing even in a ductile 


Fig. 14—Discontinuous crack in aluminum foil. 


X30. Area reduced approximately three fourths in 
; reproduction. 


material. These holes opened up and were not con- 
nected with the main fracture. 

Fig. 15 is a picture of what I like to call a para- 
bola on a fracture in very ductile fine-grain tempered 
steel. This was furnished by W. J. Harris, Naval 
Research Laboratory, Metallurgy Division. It shows 
the nucleus. We do not know the nature of the flaw 
or whatever it was that initiated the crack. There is 
a sheared wall, conical in nature, in that pit. That 
pit is a good deal like one we saw showing a parabola 
developed on the fractured surface of lucite. ‘This 
can be found over and over again on ductile fractures 
of steel. If one looks in the microscope at the sheared 
walls on ductile failures one can see the sort of thing 
that appears in the focus of the parabola. This occurs 
on an extremely fine scale. 

Fig. 16 is our model fracture showing the way 
herringbone or chevron markings on ship plate are 
made. One can see an individual fractured element 
nucleated primarily near the center of the plate. This 
happens to be a plate of cellulose acetate. It consists 
of separated nucleated fractures. Here we see the focal 
pits connected with each separated portion. The 


Fig. 15—Fracture in very ductile tempered steel. 
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Fig. 16—Cellulose acetate fracture showing the 


formation of herringbone markings. 
100. Area reduced approximately three fourths in 
reproduction. 


fractures go toward the right. The fact that they are 
on different levels makes the lines between them form 
the herringbone markings. 

We are willing to go out on the limb even further 
than Dr. Jaffe and suggest that all fractures, even duc- 
tile ones, are primarily and essentially discontinuous. 


G. R. IRWIN and J. A. KIES, Mechanics Division, 
Naval Research Laboratory, Washington, D. C.; W. H. 
BRUCKNER, Department of Metallurgical Engineer- 
ing, University of Illinois, Urbana, Ill.; A. MONT- 
GOMERY, Aluminum Co. of America, Cleveland, Ohio; 
A. G. GUY, North Carolina State College, Raleigh, 
N. C.; M. BAEYERTZ, Armour Research Foundation, 
Chicago, Ill. 


L. D. JAFFE, E. L. REED, and H. C. MANN (authors’ 
reply)—We are interested in this work of Dr. Kies and 
Dr. Irwin. It has long been known that ductile dis- 
continuous fracture occurs in the case of high-temp- 
erature grain boundary failures of metals. The fracture 
in the aluminum foil (fig. 14) may be a grain boundary 
fracture rather than a fracture through grains. 

J. A. KIES—Perhaps you are right in this case. We 
find the same thing in fast fracture of the foils and 
in all cases straight portions of the cracks are much 
longer than the grain size. Ductile action precedes 
the opening of the slow ones and it is difficult to 
determine whether the crack is transgranular or not. 
Grains are then indefinite. | 

L. D. JAFFE, E. L. REED, and H. C. MANN—Discon- 
tinuous grain boundary fracture is common in alloys 
at fairly high temperatures, and aluminum at room 
temperature under very slow straining might also 
develop a series of cracks that progress from one grain 
boundary to another. Thus Dr. Kies gets cracks much 
larger than a single grain, but along grain boundaries, 
whereas Baeyertz, Craig, and Bumps, and our group 
have been studying fractures through the grains. 

It is interesting to relate the failures in plastics and 
other materials, such as glass, to those in metals. 
However, we are concerned here with propagation of a 
erack from one grain of a polycrystalline metal to 
another, and an amorphous glass would not have any- 
thing corresponding to that. We are wondering 
whether plastics would have. 

W. H. BRUCKNER—I was very much interested in 
this paper in which the authors have stated that it was 
not possible to determine whether the twin nucleated 
the cleavage crack or whether the cleavage crack 
nucleated the twin. I have obtained a micrograph of 
a single ferrite grain in which there are three twins 
and a cleavage crack crosses all three twins. Along 
the cleavage crack the three twins have translated 
showing the cleavage crack as a faulting plane, thus 
indicating that the twins form first and cleavage 
follows. 

A. MONTGOMERY—I should like to know if the 
authors investigated to prove positively that the 
secondary cracks were discontinuous. The micrographs 
show the microcracks all closely associated with the 
main failure. Is it impossible that they are merely 
secondary branches connected to the main fracture in 
some other plane? Possibly the authors followed them 
by successive polishing and examination to prove they 
were discontinuous. ; 


L. D. JAFFE, E. L. REED, and H. C. MANN—That is 
a very important question. We are in the process of 
polishing down through some of these cracks to ascer- 
tain definitely whether or not they are connected in 
the third dimension. Also, at the suggestion of Dr. 
Kies, we have studied the fracture of sheet, only one 
grain thick, where you would not expect the third 
dimension to contain any linking up. We have found 
in such material discontinuous cracks. 

A. G. GUY—The question I have concerns the Neu- 
mann bands. I believe those are twins and if they 
are twins they should not disappear on further polish- 
ing. It seems strange that their direction should coin- 
cide with the direction of cracking although I believe 
that crystallographically you might account for that 
under some special circumstances. Will you comment 
on whether your Neumann bands did disappear on 
further polishing? 

L. D. JAFFE, E. L. REED, and H. C. MANN—The 
twins disappear on repolishing, as would be expected. 
If the repolishing is followed by re-etching, they 
reappear. Presumably this is what Dr. Guy had in 
mind. 

M. BAEYERTZ—It is interesting to hear of work 
that describes just about the same sort of cleavage as 
we have been observing in the brittle portions of 
fractures, but in a steel that was heat treated in an 
entirely different way, as Dr. Jaffe’s steel was. Our 
steel had a pearlitic structure; however, the cleavages 
in the fractures appear to be similar in the two cases. 

L. D. JAFFE, E. L. REED, and H. C. MANN—After 
presentation of our paper, we found an additional 
reference” along similar lines. 


13—. Shevandin: The Spreading of a Brittle Fracture Crack. 
Tech. Phys. U.S.S.R. (1938) 5, 279-288. 


Stress and Strain States in Elliptical Bulges 
by C. C. Chow, A. W. Dana, and G. Sachs 
DISCUSSION, A. Smith presiding 


W. T. LANKFORD—What was the size of opening 
over which the bulges were formed? The ratio of the 
size of the opening to the thickness of the sheet must 


_be quite high to meet the thin shell conditions assumed 


in the stress calculations. Did the authors consider 
the direct calculation of stresses in elliptical bulges? 
If the deformed membrane conforms quite closely to 
a surface of revolution about a horizontal axis parallel 
to the major axis of the elliptical opening, the stresses 
can be calculated from the pressure, the sheet thick- 
ness and the principal radii of curvature, using eq 1. 
Fig. 3 indicates that the material was substantially 
isotropic, but the experimental points lie somewhat 
below the line of complete isotropy. L. R. Jackson, 
K. F. Smith and myself” have presented a theory for 


2L, R. Jackson, K. F. Smith, and W. T. Lankford: Plastic Flow 
in Anisotropic Sheet Steel. Trans. AIME (1949 | . 
Tech. (Aug. 1948) TP 2440 E. eesseasal feet RS 


the type of anisotropy found in rolled sheet. Did the 
authors apply this theory to attempt to account for the 
experimental deviations from the theory of isotropic 
materials? 

A. W. DANA (authors’ reply)—I should mention 
that this work was originally done two years ago and 
since that time considerable interest has been shown 
in bulges, as Dr. Lankford pointed out. The work 
on which the paper was based has not been carried 
further, as far as I know, and therefore, some of the 
points in Dr. Lankford’s discussion have not been 
checked. In regard to the geometrical conditions for 
solving stresses in the bulges, at the time this work 
was initiated, we made an attempt to calculate the 
stresses on this basis. It was found that inaccurate 


Stresses 0 is besty, 1 was. found: that inaccurate 
W. T. LANKFORD, Carnegie-Illinoi 
Pittsburgh, Pa. gie-Illimois Steel Corp., 
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_ results were obtained and for that reason we went 


over to stress-strain relations. 

The circular bulge was 6 in. in diameter. The small 
ellipse was 6 in. long, and 4 in. wide, bead shape was 
12 in. by approximately 4. 


The Comparative Creep Properties of 
Several Types of Commercial Coppers 
by A. D. Schwope, K. F. Smith, and L. R. Jackson 
DISCUSSION, H. P. Croft presiding 


D. L. MARTIN—The authors give results which in- 
dicate that OFHC copper is better in “creep” than 
tough pitch copper, and also show in fig. 8 that the 
secondary creep rate of OFHC at 300°C is lower than 
for tough pitch copper containing 25 oz. silver per ton. 


On the other hand, rupture tests at 200°C by other — 


investigators have shown tough pitch copper to be 
similar to OFHC, and silver-bearing tough pitch cop- 
per to be stronger than OFHC copper. This is in 

3D. L. Martin and E. R. Parker: Effect of Cooling Rate and 


Minor Constituents on the Rupture Properties of Copper at 200°C. 
Trans. AIME (1944) 156, 126. 


agreement with the work by Burghoff and Blank al- 
ready mentioned by the authors. 

In view of the higher cost of OFHC copper over 
tough pitch, and of silver-bearing grades over regu- 
lar grades it is important that the relative strength 
characteristics be properly evaluated. I hope the 
authors will continue their work on these coppers at 
lower temperatures and lower stresses (e.g. “creep” 
at 25,000 psi is meaningless for commercial purposes). 

D. H. WOODARD—Was the dead weight loading 
applied in one unit or in increments? 

Results on Monel metal which had been tested in 
creep below the recrystallization range show that prior 
extension increases the resistance to creep. The 
second-stage rate is also a function of the rate of 
loading. 


D. L. MARTIN, Research Laboratory, General Elec- 
tric Co., Schenectady, N. Y.; D. H. WOODARD, Na- 
tional Bureau of Standards, Washington, D. C. 


A. D. SCHWOPE (authors’ reply)—It is to be 
pointed out that in their paper, Messrs. Martin and 
Parker present data definitely showing OFHC cop- 
per to have rupture properties superior to those of 
tough pitch copper. Also, the longer lifetime found 
for the silver-bearing tough pitch was attributed to 
its relatively finer grain size, one-sixth that of the 
OFHC coppers. In view of these considerations, the 
apparent inconsistencies between results are 
eliminated. 

In reply to Mr. Woodard, the load was applied in 
one unit or as nearly so as possible. As an example, 
if the load consisted of two 50-lb weights, these were 
loaded individually as rapidly as possible. 


The Active Slip Systems in the Simple 
Axial Extension of Single Crystalline 
Alpha Brass 
by R. Maddin, C. H. Mathewson, and w. R. Hibbard, Jr. 
DISCUSSION, H. P. Croft presiding 


R. W. CAHN—I have been much interested in this 
paper and its predecessor, particularly as I have re- 
cently had occasion to study in single crystals of 
aluminum a phenomenon similar to the cross-slip 
described by the authors. The crystals were ribbon- 
shaped and of predetermined orientation, as shown 
in fig. 23. Observations were made on two electro- 
lytically polished flats parallel to the crystal axis, one 
parallel to the plane of the ribbon and one perpen- 
dicular to it. It may be mentioned, in view of the 
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~ authors’ interest in lattice rotation, that the glide 


direction, the normal to the glide plane and the crystal 
axis were coplanar, a situation not met in the general 
case and which entails that rotation about the one 
<112> axis marked suffices to accommodate entirely 
the lattice rotation near the grips. 

Fig. 24 shows the appearance of the wide surface of 
a crystal extended by 7 pct (shear 0.14). A good deal 
of cross-slip can be seen, and it is to be noted that 
the cross-slip takes place on several different planes. 
In no case did the narrow surface show any sign of 
cross-slip, as may be seen from fig. 25: Since this 
surface was approximately parallel to the operative 
primary glide direction, it follows that glide on all the 
cross-slip planes took place parallel to this same, 
common <110> direction. An analysis of numerous 
cross-slip traces showed that (111), (100), and (212) 
were the most common; several other planes probably 
also took part. A good analogy to the nature of slip 
in these crystals may be found in the motion of the 
saddle over the bed of a lathe. The cross-slip traces 
were not generally dead straight and certainly their 
directions were not as well defined as in the authors’ 
beautiful micrographs; this was due to the fact that 
(as Heidenreich and Shockley’ have shown) the slip- 
lines actually consist of numerous fine lines not 
normally resolved by the optical microscope, and these 
undergo cross-slip in a complicated way. Fig. 26, taken 
at maximum magnification, shows an example; the 
separate fine traces are just resolved here because they 
are spread out more in the region where cross-slip 
takes place. It was also found that the places, often seen 
in low-power micrographs, where neighboring’ slip- 


Figs. 24-27—Crystal stretched as follows: 
Fig. 24, 7 pet wide surface, X310; fig. 25, 7 pet narrow surface, 
180; fig. 26, 5 pet wide surface, X2350; fig. 27, 5 pet wide 
surface, X2350. Area reduced approximately one ninth in 
reproduction. 
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lines fade out opposite each other, are sites of what the 
authors have called intimate cross-slip; the fine slip- 
lines undergo cross-slip one behind the other over a 
considerable distance, so that the individual cross- 
slip traces are too fine to be seen at low power. This 
may be seen in fig. 27. 

A small amount of slip on the conjugate system 
preceded and accompanied the primary slip on some 
parts of the specimens; oddly enough, the conjugate 
slip-lines revealed no cross-slip at all, in contrast to 
the authors’ observation with brass. 

In connection with the cause of cross-slip, the fol- 
lowing observation is of interest. A crystal of the 
orientation already mentioned was bent about the 
transverse axis lying in the plane of the ribbon (this 
axis was the <112> direction perpendicular to the 
glide direction, and lying in the glide plane). Such 
pure bending gave rise to a relatively small amount 
of cross-slip. A erystal bent accidentally into a 
slightly skew shape (i.e. not exactly about any one 
axis) exhibited much more cross-slip. The authors’ 
general view that cross-slip is in some way correlated 
with inhomogeneous deformation is supported by this; 
yet it is hard to see just what this correlation means, 
for the occurrence of cross-slip as described is quite 
compatible with perfectly homogeneous deformation. 
Examination of the slip lines, near the grips, on ex- 
tended aluminum crystals showed that cross-slip did 
not to any large extent replace flexural glide. The 
authors have reported that up to a certain shear there 
is, with brass crystals, little or no Laue asterism (and 
therefore little lattice curvature or inhomogeneity of 
deformation). Since even a small shear sufficed to 
bring about cross-slip, it is evident that inhomogeneity 
of deformation is not a necessary precondition for 
cross-slip to occur. With aluminum, it has been pos- 
sible to show that asterism is almost entirely due to 
deformation bands which are a form of highly 
localized flexural glide. Since these bands occupy 
only a small fraction of the crystal while cross-slip 
takes place everywhere, it is perhaps not surprising 
that asterism and cross-slip are not correlated. 

It is probable that cross-slip will prove to be ex- 
plainable in terms of dislocations. The characteristic 
property of an edge dislocation line is the vector 
parallel to the glide direction; there is no theoretical 
objection to the dislocation line itself being stepped. 
If it is, then it will sweep out a stepped glide zone 
made up of two or more glide planes. Why a disloca- 
tion line should become stepped at one point rather 
than another remains, for the moment, a mystery; 
but it does seem probable, in view of the bending 
experiment and of the lack of cross-slip in the conju- 
gate slip planes which precede primary slip, that 
the stepping is created as a consequence of preceding 
deformation (as the authors suggest), and is not an 
original property of the dislocations. 

A point which ought perhaps to be borne in mind 
when one seeks to explain this phenomenon is that 
it appears to be restricted to cubic metals. Hexagonal 
metals exhibit neither cross-slip nor deformation 
bands. f 

The experiments referred to above are in course 
of publication. 


R. W. CAHN, Ministry of Supply, Atomic Energy 
Research Establishment, Harwell, England. 


C. H. MATHEWSON (authors’ reply)—Mr. Cahn’s 
work on aluminum crystals is especially welcome as a 
collateral contribution of well documented data which 
are needed in considerable variety to clarify the inter- 
relationships of stress and strain in the general process 
of plastic deformation. His observation that cross-slip 
in aluminum often parallels other planes than the 
octahedral plane observed in Maddin’s experiments on 
brass has been confirmed in this laboratory. Rosi,” Rosi 
and Mathewson,” show one case in which the cross- 
slip could be resolved into segmented slips parallel to 


the primary slip plane and the usual cross-slip plane. 
Possibly the markings observed by Cahn have resulted 
from cooperative slip of this character, as indeed. his 
fig. 26 suggests. It is especially interesting to note that 
cross-slip can be observed as connecting segments in 
many places where neighboring slip lines seem to fade 
out. 

The writer believes that cross-slip is produced by 
shear stresses across the glide lamellae arising from 
the twisting distortion accompanying slip at the 
boundaries. This is based on the assumption of a re- 
solved stress acting as a driving force in the close- 
packed direction <110> which, owing to lattice con- 
straint, produces movement in a sidewise direction 
<112>. On this basis there is inhomogeneous deforma- 
tion in the neighborhood of every slip site. In the 
writer’s view the absence of asterism in an early stage 
of deformation merely indicates that the inhomo- 
geneity of deformation which would produce it has 
been modified by cross-slip. 

It is agreed that cross-slip “does not replace flexural 
glide.” Again, it is probable that confirmation of 
many observations made by Cahn on deformation 
bands and flexural glide may be found in recent work 
from the Hammond Laboratory. 

Thus Neng-Kuan Chen” has made a careful study 
of deformation bands in crystals of many orientations. 
Most crystals produce bands, but there is an area of 
orientation spreading out from the <111> pole of the 
Taylor and Elam triangle in which flexural gliding 
seems not to occur and the deformational behavior 
resembles that of brass. The writer believes that in 
such cases the function of flexural gliding is replaced 
by slip across the glide lamellae on planes of the 
conjugate family. There is a further similarity with 
brass in that slip bands are much more irregularly 
spaced in such orientations, assuming a_ strongly 
clustered appearance. 

With respect to dislocations, the writer takes the 
position that it is more profitable to look for explana- 
tions of slip phenomena in terms of a more conven- 
tional crystal mechanics than primarily on the basis 
of fault propagation or other attributes of dislocation 
theory. In this sense, dislocations, perhaps more 
mildly termed displacements, are regarded as the con- 
sequence and not the cause of changes in the crystal 
accompanying an overall forced change in shape. 

With respect to deformation bands, in the Hammond 
Laboratory we emphasize the point that the “bend 
planes” observed as early as 1934 by R. F. Miller” 
are the locus of the axes around which the slip planes 
bend in this modification of simple flexural gliding. 
A pair of bend planes thus defines a band in which the 
reorientation lags behind that of the matrix material 
in the process of axial extension. Miller observed 
bend planes but no bands, but the writer has seen 
deformation bands in many zinc crystals. They have 
not been observed in the numbers of experiments with 
copper and brass performed in this laboratory. In 
Chen’s aluminum crystals, the slip direction constituted 
the pole of the band, and the axis around which the 
slip direction changed its orientation was the inter- 
section of the glide ellipse with the band ellipse, 
namely, <112>. 
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Simultaneous Aging and Deformation 
in Metals 
by J. D. Lubahn 
DISCUSSION, E. H. Hollingsworth presiding 


G. A. MOORE—This discussion is by proxy. Mr. H. 
B. Gayley of our laboratory did some work on the 
natural stress-strain curves of 24S last spring, and 
he has requested that the information on this dis- 
continuous flow be amplified by including some of 
his observations. 

In summary, on tests of 24S alloy, the discontinuous 
flow was obtained only on specimens which were 
actually in process of aging during the test. Dis- 
continuous flow was observed on specimens imme- 
diately after quenching from the solution anneal to 
room temperature and throughout the aging period. 


G. A. MOORE, Department of Metallurgy, University 
of Pennsylvania, Philadelphia, Pa. 


After aging was completed, discontinuous flow was not 
observed and it was not observed in specimens which 
had been partially aged at elevated temperature and 
tested at room temperature. According to the limited 
number of tests made, aging for 10 min at 60°C or 
higher apparently was sufficient to eliminate the effect 
in this alloy. 

J. D. LUBAHN (author’s reply)—It is not at all 
surprising to find the effect Mr. Moore described in 
24S. As a matter of fact, the more metals that we 
test and the more conditions under which we test 
them, the more it becomes apparent that nearly all 
metals show some of the phenomena described in the 
paper (at least under one circumstance or another). 

I would like to make a comment, too, about the 
observation that discontinuous yielding only occurred 
while the 24S was aging. It seemed that way from our 
experiments, too. Fig. 1 shows that when the aging 
time was short (so that the aging would have been 
rapid) discontinuous yielding was observed. On the 
contrary, after a long time of aging, when the rate 
of aging would have decreased to a considerably 
smaller value, the phenomenon did not appear. Thus, 
if the aging is going to have an effect on the deforma- 
tion, it must be going on at a sufficiently fast rate. 
Of course, the rate of the deformation would have 
an effect; if an experiment were made just on the 
borderline between continuous and _ discontinuous 
yielding and if the strain rate were changed in one 
direction or another, the phenomenon could be made 
to appear or disappear. 


The Transverse Bending of Single Crystals 
of Aluminum . 
by M. K. Yen and W. R. Hibbard, Jr. 
DISCUSSION, E. H. Hollingsworth presiding 


B. R. BANERJEE—It is desirable not to associate 
these traces of cracks in an oxide film of doubtful 
crystallographic nature with the term “strain mark- 
ings,” a standard term of crystallographic significance 
used to describe a metallographic phenomenon asso- 
ciated with plastic deformation. 


B. R. BANERJEE, Department of Metallurgical En- 
gineering, Illinois Institute of Technology, Chicago, I1l.; 
R. W. K. HONEYCOMBE, Cavendish Laboratory, 
Cambridge, England.; E. A. CALNAN, National Physi- 
cal Laboratory, Teddington, England. 
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R. W. K. HONEYCOMBE—The results recorded in 
this paper are very interesting, in particular I would 
like to refer to the X-ray observations. I have been 
studying the asterisms resulting from slightly de- 
formed aluminum single crystals and have found in 


all cases a fine structure similar to that observed by 
the authors. The Laue spots became multiple after as 
little as 1 pct elongation in tension. Further deforma- 
tion ultimately caused the spots to merge into the 
continuous background of the asterism. The number 
of intensity maxima increased as the size of the 
X-ray beam increased, and in fact if a very fine beam 
were used, sometimes no fine structure was detected. 

I do not think that this phenomenon is due to 
polygonization as described by Cahn,” because poly- 
gonization usually occurs during annealing of de- 
formed single crystals at high temperatures (300°C 
or higher for aluminum). Furthermore, my experi- 
ments with aluminum crystals have shown that poly- 
gonization results in a marked decrease in the yield ~ 
point, whereas the other phenomenon has no such 
effect, and is in fact evident immediately deformation 


_ has occurred at room temperature. 


The cause of this room temperature “fragmentation” 
can, I think, be seen in one of the authors’ own photo- 
graphs (fig. 6) in which they show narrow bands 
which are only visible in oblique illumination. I have 
also observed these narrow bands in large aluminum 
crystals deformed in tension (fig. 24), and am of the 
opinion that they are narrow deformation bands or 
kinks. It seems that plastic deformation does result 
in the “fragmentation” of the crystal into narrow 
blocks within which slip occurs normally. The bound- 
aries between the blocks, namely the deformation 
bands, are regions of abrupt changes in orientation in 
the form of local curvatures, although these local 
curvatures are larger than those postulated by Burgers 
and Taylor. It is suggested that the maxima in the 
Laue asterisms result from these blocks while the 
continuous background arises from the deformation 
bands. 

This hypothesis has been confirmed by the writer 
recently, using an X-ray technique similar to that 
described by Berg” and Barrett,* in which a mono- 
chromatic X-ray beam from a line focus is reflected 
from a crystal. The technique has been used to ex- 
amine large aluminum single crystals which have 
been slightly deformed in tension (1 to 5 pct elonga- 
tion); the crystal is rotated until a strong reflection 
is seen on a fluorescent screen. The screen is then 
replaced by a Kodak Maximum Resolution Plate 
which is placed within 3 mm of the surface of the 
crystal. The resulting image has a fine structure which 
when examined at high magnification (X30 to X100) 
in a microscope, reveals a pattern which is in effect 
a map of the changes in orientation in the crystal. A 
deformed crystal gives a network of bands (figs. 25 
and 26), which do not correspond with the slip lines 
but cross them, and it is now clear that they repre- 
sent the deformation bands visible only with diffi- 
culty in the optical microscope. 

By obtaining reflections from two surfaces at right 
angles and correcting for angular distortions on the 
photographic plate, it has been possible to determine 
the plane of the bands. In the cases so far examined, 
the bands form on (110) planes. The spacing between 
the bands is about 0.04 to 0.08 mm while their width 
is considerably less (0.005 mm). However, in poly- 
crystals, or in single crystals near small included 
grains, the bands become much larger and more 
clearly defined. 

Thus it appears that in single crystals of aluminum 


even in the very early stages of plastic deformation 


(0.75 pet elongation), slip is accompanied by deforma- 
tion bands or kinks which are the cause of the effects 
observed in X-ray Laue photographs. It is interesting 
to compare the behavior of hexagonal metals. The 
writer has shown that cadmium crystals can be ex- 
tended to as much as 100 pct elongation without the 
occurrence of asterism. Examination by the Berg- 
Barrett X-ray method shows that deformation bands 
are absent in cadmium crystals after 20 pct elonga- 
tion in tension. 
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Figs. 24-25. Area reduced approximately one seventh in reproduction. 


E. A. CALNAN—In an investigation of creep in 
aluminum now being completed at the National Physi- 
cal Laboratory some time has been devoted to the 
analysis of distorted Laue spots in back-reflection pat- 
terns. Observations were made on various parts of 
individual grains in a polycrystalline testpiece after 
various amounts of slow creep extension at 250°C. Up 
to approximately 3 pct extension, patterns very similar 
to those shown by the authors were found. In this 
range one grain exhibited simple elongation of the 
Laue spot similar to figs. 16 and 17 and the lattice 
rotation appeared to be in the single crystal direction, 
i.e., the stress axis moved towards the opposite [110]. 
It was considered that the direction of the spread of 
the spot could be due to crystallite rotation about an 
axis in the slip plane perpendicular to the slip direc- 
tion, as found by Taylor and other workers, but it 
“might equally well be due to inhomogeneous single 
crystal rotation, i.e., rotation about an axis perpendicu- 
lar to the stress axis and the slip direction, for these 
two axes were quite close. 

From the stress axis orientations for specimens A-10, 
A-11 and A-15 shown in fig. 4 and the patterns in figs. 
16 and 17, it would seem doubtful whether the aster- 
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ig. Berg-Barrett X-ray micrograph of an 
aluminum crystal (4 pct elongation) showing 


slip band lines crossing deformation bands. 
X50. Area reduced approximately one ninth in reproduction. 


ism can be attributed to rotation about the axis in the 
slip plane rather than to inhomogeneous single crystal 
rotation. It should be possible to differentiate be- 
tween the two when the stress axis is near the [100] 
or [111] directions and it would be interesting to know 
if specimen A-2 throws any light on this point. 

In other grains we have observed splitting and 
elongation of the spots, similar to figs. 18 and 19, and 
the general lattice rotation did not appear to agree 
with the single crystal direction. In adjacent parts of 
the same grain the directions of splitting were quite 
different, suggesting that there was a substructure of 
areas of different rotations which may be due to Tay- 
lor crystallite rotation, to inhomogeneous single crys- 
tal rotation, or to rotation about the slip plane normal 
suggested by the authors. The size of the substructure 
at this stage would appear to be a fraction of the area 
irradiated, in this case 0.4 mm diam. 

M. K. YEN and W. R. HIBBARD, JR. (authors’ 
reply)—The authors wish to thank Messrs. Honey- 
combe and Calnan for their interesting comments. In 
regard to the deformation bands described by Mr. 
Honeycombe, recent work by N. K. Chen in Hammond 
Laboratory, Yale University, also showed that in ex- 
tended aluminum single crystals, the deformation 
bands form on the (111) plane, the pole of which co- 
incides with the acting slip direction. However, the 
formation of the bands appeared to be orientation de- 
pendent. Crystals having their axes near [110] did 
not produce bands. 

The Laue spots on X-ray photograms for specimen 
A-2 have been examined. Unfortunately, the specimen 
was used for our preliminary work and X-ray photo- 
grams were taken only on the compression side. The 
asterism is only slight but it does not conform to the 
inhomogeneous single crystal rotation described by 
Mr. Calnan. In view of results reported by Hibbard” 
that orientation within the individual grain in poly- 
crystalline specimens are rather dispersed due to 
strain hetrogeneities caused by grain boundaries, it 
would not be expected that the results obtained from 
polycrystalline and single crystal specimens would be 
similar. 
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Stages in the Deformation of Monel Metal 
as Shown by Polarized Light 
by D. H. Woodard 
DISCUSSION, L. D. Jaffe presiding 


B. R. BANERJEE—While this method of examina- 
tion seems to be extremely useful in the study of 
plastic deformation and the formation of deformation 
bands, it should not be overlooked that the bending 
and waviness of the slip lines as observed here are a 
very gross effect compared to the much smaller scale 
of the fundamental irregularities, faults, and fragmen- 
tation of the crystals. If, for example, these “wavy” 
slip lines were due to slip occurring on planes cutting 
across other sets containing twin faults as suggested 
by Barrett,“ or due to slip on planes passing through 


domains of slightly differing orientations of the type — 


»recently referred to by Heidenreich,” the present 
method of observation would certainly be unable to 
resolve them. 

Dr. Woodard has concluded “initial plastic deforma- 
tion occurs through the bending of the lattice around 
a single axis,” but as Mathewson et al. have shown 
that even in single crystals (with favorable orienta- 
tions for slip on a single slip system) three slip sys- 
tems are operative from the very beginning. The stress 
distribution in a polycrystalline material is much more 
complex and one would hardly expect either slip or 
bending to be of such a simple and uniform nature. In 
the opinion of this writer, in interpreting the results, 

- the mechanism of deformation of a polycrystalline 
material has been over simplified, completely ignoring 
the effects of fragmentation which is now known to 
occur on an order of 200 to 800 A (the so-called 
granular details of Heidenreich”) as well as the classi- 
cal domains of the order of magnitude of 10* cm. 

D. H. WOODARD (author’s reply )—As Dr. Banerjee 
has pointed out, the observations described in this 
paper are of microscopic order of magnitude. The pos- 
sibility does exist that cross-slip and/or rotations of 
the fragmented lattice can cause the curving of the 
slip lines. Yet, the smoothness of the lines at magni- 
fications of X2000 and the fact that slip lines were 
- observed whose curvature was parallel to and similar 
to that of deformed twin interfaces (they are both 
‘traces of the octahedral planes) lead me to feel that 
they represent bendings of the planes of maximum 
density. Twin faults, if they are created in Monel dur- 


ing slight deformation, should not be likely to give 
such a regularity of pattern. As Dr. Barrett has pointed 
out, the extreme irregularity and waviness of slip lines 
of highly deformed Monel might be caused by faulting. 
When creep specimens of Monel are loaded in incre- 
ments so small that there is no resultant lattice bend- 
ing, minute aligned areas of different orientation are 
observed lying parallel to the twin interfaces. These 
I like to think of as representing areas of rotated 
crystallites. (Unpublished work.) 

R. MADDIN—I should like to call attention to a 
slightly different interpretation of some of the very 
interesting data presented in this paper. The author 
shows (fig. 2) that rotation of the plane of polarization 
results in a change in intensity from the one grain to 
the next. It is also apparent from fig. 2 that the in- 
tensity change between twins and their matrix grain 
is not always so noticeable as between neighboring 
grains. Consequently, it seems quite possible that what 
the author terms as bent lattice structure may be slip 
across many annealing twins since some of the author’s 
micrographs, fig. 5, b, ec and fig. 6 give strong indication 
of containing ponderable twins. The slip lines shown in 
the large grain in fig. 5c, for example, are similar to 
the slip lines appearing in a recrystallized copper or 
brass specimen which has been slightly strained, i.e., 
they are parallel on both sides of the twin. Again in 
fig. 6, the slip lines appear as if they have passed 
through a series of annealing twins. 


B. R. BANERJEE, Department of Metallurgical En- 
gineering, Illinois Institute of Technology, Chicago, IIl.; 
R. MADDIN, Department of Metallurgy, Johns Hop- 
kins University, Baltimore, Md.; W. R. HIBBARD, JR., 
Department of Metallurgy, Yale University, New 
Haven, Conn.; R. M. TRECO, Massachusetts Institute 
of Technology, Cambridge, Mass. 


D. H. WOODARD—Although there are many un- 
absorbed twin orientations that exist in annealed 
Monel, one has always been able to observe the differ- 
ences in orientation under polarized light. The straight 
twin interfaces, which would be severely distorted by 
the time deformation bands were formed, were not ob- 
served as delineating those bands. Under such circum- 
stances, I do not feel that the changes in direction of 
the slip lines can be wholly attributed to their passage 
through annealing twins. 

W. R. HIBBARD, JR.—I suggest that this technique 
be evaluated by the use of single crystals with a simple 
mode of deformation where the exact changes in struc- 


s 


Fig. "—Uranium bar with plane of polarization 
rotated 70°. 


100. Polarized light. Area reduced approximately three 
fourths in reproduction. 


Fig. 8—Same as fig. 7 with plane rotated 90°. 


X100. Polarized. Area reduced approximately three fourths 
in reproduction. 


Fig. 9—Same as fig. 7 with plane rotated 110°. 
= K100. Polarized light. Area reduced approximately three 
fourths in reproduction. 
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Figs. 10-11—Zirconium bar reduced 96 pct by cold- 

swaging. 

Fig. 10, Transverse. X50. Polarized light. Fig. 11, Longitudinal. 
X100. Polarized. Area reduced approximately one fourth. 
ture, orientation, and so forth, can be measured by 
other means such as etch pits and X-ray, and then 
the sensitivity of polarized light microscopy deter- 

mined accurately. 

R. M. TRECO—In my work for the atomic energy 
program, it has been necessary to use polarized light 
for several years as a standard metallographic method 
for analyzing the microstructures of rather unusual 
metals. The method has proved quite satisfactory for 
such metals as beryllium, zirconium, uranium, etc. in 
the cold-worked, annealed, and heat-treated stages. 
Polarized light is very sensitive to variations in crystal- 
lographic orientation in different grains and in the 
substructure within a single grain. Figs. 7, 8, and 9 
show the microstructure of a uranium bar with the 
plane of polarization rotated 70°, 90° and 110° respec- 
tively, to show the presence of intersecting twin bands. 
It will be noted that the 90° rotation corresponding to 
erossed nicols is the correct angle for interpretation 
of the microstructure, since a maximum of detail is 
present. Samples such as this, electropolished only, 
show no detail under bright light, and the presence of 
an oxide film of the order of 200 A in thickness does 
not affect the structure obtained. 

Dr. Woodard has shown us the early and inter- 
mediate stages of cold working only. It is interesting 
to consider also the effects of much heavier deforma- 
tions, figs. 10 and 11 showing the transverse and longi- 
tudinal structures respectively of crystal bar zirconium 
cold-swaged to a reduction of 96 pct. The light areas 
in the transverse section indicate a high degree of 
preferred orientation. 

By examining the longitudinal section of the same 
specimen we effectively rotate the plane of polariza- 
tion through a 90° angle and find that the bright areas 
of the transverse section now appear as dark longi- 
tudinal bands, while the formerly dark areas are light 
bands which remain dark through a complete rotation 
of the stage. The microstructure of cold-worked zir- 
conium thus shows an unusual type of fibering under 
polarized light and indicates a strong preferred orienta- 
tion around the longitudinal axis of the bar. 

D. H. WOODARD—I would like to thank Dr. Hibbard 
and Mr. Treco for their encouraging remarks. The 
micrographs of Mr. Treco show areas which are ap- 
parently deformation twins. Somewhat similar areas 
have been observed in Monel specimens that have been 
fractured in liquid nitrogen. A study of the develop- 
ment of preferred orientation, as shown by polarized 
light, is now in progress and will be reported shortly. 
As Mr. Treco has shown, both uranium and zirconium 
are optically anisotropic. ; 
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Twinning and Banding. 


Influence of Temperature on the Stress-strain- 
energy Relationship for Copper and 
Nickel-copper Alloy 
by D. J. McAdam, Jr. 

DISCUSSION, L. D. Jaffe presiding 


G. W. GEIL—Dr. McAdam has presented many 
thought provoking ideas in this paper. The numerous 
assumptions and the novel method of developing a 
stress-strain-energy relationship for metals may pre- 
sent a qualitative picture of this relationship. 

The procedure and assumptions used by the author 
for deriving flow-stress curves from experimental 
data obtained at the National Bureau of Standards on 
Monel and copper, as tested in tension at various tem- 
peratures, are given in some detail in the text. At the 
time these tests were made, no suitable method was 
available for following the change in diameter of the 
specimens during the tests at subzero temperatures. 
Thus the procedure used by the author in deriving the 
flow-stress curves was perhaps the best available to 
him. However, subsequent to Dr. McAdam’s retire- 
ment from this Bureau in 1947, tension tests at sub- 
zero temperatures have been made on Monel and other 
metals in which changes in diameter were accurately 
followed during the entire test. Flow-stress curves as 
established from such measurements on specimens of 
the same heat of annealed Monel tested at —188°C 
and at room temperature, and the curve derived by 
Dr. McAdam for a test at —188°C with a sample of a 
different heat of Monel, are reproduced in fig. 12. The 
accurately determined flow-stress values for the test _ 
at —188°C are plotted and designated by the subscript 
A in this figure. The symbols M, F, R and T represent 
the same quantities in this figure as in the author’s 
paper. It is obvious that a flow-stress curve drawn 
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through the established points would not conform to 
the curve as derived by the author. A portion of the 
established curve between the points representing the 
drop of beam at yielding and the maximum load, Ma, 
falls considerably below the derived curve. The por- 
tion of the established curve F, between the points 
representing maximum load and fracture would 
diverge from the derived curve and rise considerably 
above it at the beginning of fracture, T,. The percent 
change in coordinates from Ra to T, for the specimen 
tested at —188°C is about one fifth that observed in 
the test with the same heat of Monel at room tempera- 
ture and does not conform to the assumption made by 
the author in deriving his flow-stress curves at low 
temperatures, namely, that the percent decrease in 
coordinates from R to T should be the same for Monel 
tested at low temperatures as for Monel at room tem- 
perature. The flow-stress curve obtained with a speci- 
men of the same heat of Monel tested in tension at 
—196°C was almost identical with the curve obtained 
in the test at —188°C; it was slightly above the latter 
curve. However, the percent decrease in coordinates 
from R, to Ts was approximately one half that ob- 
tained in the test at —188°C. It is evident that the 
assumption used by the author to derive the points T, 
representing the beginning of fracture, for the low 
temperature tests is not valid. 

The author’s method of constructing the portions of 
the flow-stress curve representing the extension from 
yield to maximum load (fig. 1) may be questionable 
as indicated by the large variation existing between 
the established and the author’s derived curve for a 
test at —188°C as shown in fig. 12. 

No mention is made by the author that the test 
data used by him for deriving the flow-stress curves 
for Monel at —188° and at room temperature were 
obtained from annealed and cold-drawn specimens 
prepared from different heats. Some variation existed 
in the tensile properties at room temperature of the 
two heats as illustrated by the results obtained on an- 
nealed specimens as follows: 


Property 

(Room Temperature) Heat 1* Heat 27 
Yield, 1000 psi 38. Soa 
Ultimate, 1000 psi 88. 86. 
Fracture, 1000 psi 211. 205. 
Ad/A 4.0 3.58 


* Material used for testing at —188° and —128°C. 
} Material used for testing at room temperature. 


There apparently are some errors in the replotting 
of the data for oxygen-free copper (fig. 3) from pre- 
vious publications. The ductility value (A./A) for 
the annealed copper tested at —188°C is plotted as 5.9, 
whereas the determined value, as given in a previous 
publication" was approximately 4.2. The fracture 
stress value for the cold-drawn copper specimen 
tested at —188°C is plotted as approximately 122,000 
psi, whereas the determined value, as given in a pre- 
vious publication," was approximately 145,000 psi. 
These corrections would alter considerably the posi- 
tions and slopes of the corresponding flow-stress 
curves at this temperature. The tension tests at —128°C 
with specimens of annealed and cold-drawn copper 
were not continued to complete fracture and no deter- 
minations were made of the fracture stress or duc- 
tility at fracture. Perhaps the author has used some 
- extrapolated values. The determinations of the stress 
and ductility at the beginning of fracture of these 
copper specimens (except the specimens tested at 
room temperature) were not based on simultaneous 
load and diameter measurements during the tension 
test and should be considered only as approximate 
values. Simultaneous load and diameter measurements 
during the entire tension test are essential for an ac- 
curate determination of the flow-stress curve. ; 

The author derives his F. curves (flow under uni- 

directional tension) at low temperatures from the 
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Fig. 12—Flow-stress curves. 


corresponding F curves and the assumption that the 
triaxial stresses involved during the deformation 
from initial necking to fracture are the same as in the 
tests at room temperature; the F. curves are con- 
structed with the same percent deviation from the 
corresponding F curve as at room temperature. This 
assumption implies that the contour of the necked 
portion of the specimens during the deformation at 
different temperatures is similar. An examination of 
some specimens, tested at room and at low tempera- 
tures, in which the strains, A./A, from maximum load 
to fracture were the same, indicated that this assump- 
tion may not be valid. Although the minimum di- 
ameters of the necked areas were approximately equal, 
the necking generally extended over a greater length 
in the specimens tested at low temperatures than at 
room temperature. Thus the triaxial stresses involved 
would be different and the percent deviation of the F, 
curves from the F curves at low temperatures prob- 
ably should be less than that for the tests at room 
temperature. 

As the “secondary,” the “tertiary,” and other de- 
rived curves developed by the author in the remaining 
figures of his paper are based on the flow-stress 
curves, F, and the derived F. curves, in figs. 1, 2, and 3 
and on additional assumptions, the validity of quan- 
titative comparison of this series of derived curves is 
questionable. 


G. W. GEIL, National Bureau of Standards, Wash- 
ington, D.C. 


D. J. McADAM, JR.—Mr. Geil’s discussion exhibits 
a lack of perspective. An instance of this is his 
emphasis of the fact that the diagrams for Monel were 
from two different heats. In support of his idea that 
the heats differed significantly, he presents a table of 
tensile properties obtained with a specimen from each 
heat. The ultimate stresses of these specimens differed 
by 2.3 pet, the fracture stresses differed by 2.4 pct, the 
values for reduction of area evidently were 75 and 
72 pct, and the difference in yield stress was unim- 
portant. No better agreement in tensile properties 
would be expected if the tests had been made on two 
separately annealed specimens from the same bar, and 
greater differences might have been obtained with 
specimens from different bars of the same heat. The 
important property is the ultimate stress. 

The heat designated No. 1 in the table is the one 
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used in obtaining the results in reference 11 of the 
paper. In that investigation and in others, Dr. Mebs 
and I had occasion te anneal many sets of specimens 
from numerous cold-drawn bars of Monel, all from the 
same heat. We found that the ultimate stresses of 
specimens from different annealing sets sometimes dif- 
fered by several percent, especially when the speci- 
mens were from different bars. The range of values 
thus obtained was about twice as great as the differ- 
ence in ultimate stresses shown in Mr. Geil’s table. 
Evidence for this can be found by-comparing figs. 3, 4 
and 19 of reference 11. 

Another instance of lack of perspective is Mr. Geil’s 
use of his fig. 12. His discussion tends to give the im- 
pression that the two curves for —188°C differ materi- 
ally throughout the strain range beyond point M. 
However, the curves coincide throughout the impor- 
tant part of this range, and the extreme difference 
between corresponding flow stresses is about 6 pct. 
Not much better agreement would be expected if 
transverse measurements had been made during each 
test. 

Between yield and maximum load the two curves 
differ greatly in form. Comparison with fig. 5 of the 
paper, however, shows that this difference would have 
no important effect on constant state curve A, would 
have no effect on curves B and C, and thus would 
have no appreciable effect on the graphically estab- 
lished points used in constructing the tertiary flow- 
stress curves. Moreover, the abnormal form of Mr. 
Geil’s curve suggests that additional evidence is 
needed to determine whether the curve typifies the 
flow of Monel at —188°C. Whereas the curve derived 
from the paper is similar in form to the curve estab- 
lished by numerous transverse measurements at room 
temperature, the curve presented by Mr. Geil cuts 
across in a nearly straight line between flow stresses 
80,000 and 140,000, changes to another nearly straight 
line, and again bends abruptly near point. M.s. No 
such form of curve has been obtained with Monel, 
copper or steels at room temperature. “ Moreover, 
Mr. Geil’s curve differs greatly in form from the ac- 
curately determined curves obtained by Dorn, Gold- 
berg and Tietz.” The curves obtained by these authors 
at low temperatures with aluminum, copper, brass, and 
magnesium are similar to those obtained at room 
temperature. The curve presented by Mr. Geil, there- 
fore, evidently is not a typical flow-stress curve for 
—188°C. The evidence thus tends to confirm the gen- 
eral usefulness of the procedure used in the paper. 

Much emphasis is given by Mr. Geil to alleged 
errors in the plotting of values for the fracture stress 
and ductility of copper in fig. 3. Since the main pur- 
pose of the paper could be achieved as well without 
curves F and the points representing fracture, and 
since the construction of the diagram for Monel (fig. 
2) is described in detail, it was considered necessary 
to use much less space in describing fig. 3 for copper. 
The true fracture stress for annealed oxygen-free 
copper cannot be determined even approximately by 
means of a conventional tension test. Consequently, 
in the investigation described in reference 11, Dr. 
Mebs and I used a much more tedious method in de- 
termining approximately the stress at the beginning 
of fracture. The tension tests were interrupted at fre- 
quent intervals, and transverse measurements were 
made. In the tests at low temperatures, this procedure 
involved the removal of the specimen before measure- 
ment and continuation of the test after the specimen 
had been cooled again to the low temperature. 

By this procedure, the determination of the strain at 
the beginning of fracture is generally less accurate 


than the determination of the stress. Reconsideration - 


of the evidence for the ductility of annealed copper 
at —188°C led to the conclusion that the value of 4.2 
indicated in reference 11 is too small, and that the 
value should be about 5.9 as indicated in fig. 3 of the 
paper. As would be expected, this value is greater 


than the value obtained at room temperature. Since 
time was not available for the use of this slow pro- 
cedure in the tests at —128°C, the specimens were not 
extended to fracture. The fracture stresses for these 
specimens in fig. 3, therefore, have been determined 
by linear interpolation. As illustrated in figs. 19 and > 
20 of reference 11, the strength indexes for Monel and 
copper vary linearly with temperature on the scale 
used. The fracture stresses thus determined probably 
are as accurate as those determined directly at —188°C. 
Because the fracture stress of the cold-worked copper 
at —188°C was determined by a quick test in the 
conventional way, a correction was applied to give an 
approximate value for the stress at the beginning of 
fracture; the method of correction is the same that has 
been used for Monel (fig. 2). The flow-stress curves 
for the cold-worked copper in fig. 3 are merely quali- 
tative representations added to complete the picture. 
They are not used in the derivation of other curves. 

Mr. Geil apparently thinks that the object of the 
paper has not been attained unless the F. curves for 
low temperatures have been extended with great ac- 
curacy far beyond the points representing the maxi- 
mum load. The object of the paper, however, would 
have been attained if the F. curves and the tertiary 
curves for Monel had been merely extended through 
constant-state curve C (figs. 4 and 5), and if the cor- 
responding curves for copper had been merely ex- 
tended through curve A (figs. 5 and 6). Although no 
allowance has been made for the well-known fact that 
the contour of the necked part of a specimen varies 
with the temperature, any resultant error in the di- 
vergence of the F., curves would have practically no 
effect on the curves within the important strain range. 
In view of the fact that the error would be much less 
in the curves for —128°C and —78°C, than in the 
curves for —188°C, a glance at figs. 5 and 6 will show 
that the only constant-state curve that might be af- 
fected appreciably is curve B for copper. In deriving 
fig. 8 some use has been made of the extended curves 
in the region beyond the constant-state curves of figs. 
4 to 7. However, as illustrated in the left-hand dia- 
gram of fig. 8, the results were essentially the same 
as if attention had been confined to curves derived 
from the accurately established regions of figs. 4 to 7. 

Curves F. can be established with sufficient accu- 
racy without the use of curves F. As shown in the 
paper, the ordinate ratios for curves F. increase only 
slightly with extension beyond the points representing 
the maximum load. This relationship is in accord 
with evidence, which would require too much space 
for presentation here. Although the ordinate ratios 
increase continuously with plastic strain, nearly all 
the increase occurs between yield and maximum load. 

The last sentence of Mr. Geil’s discussion contains 
the amazing assertion that the secondary flow-stress 
curves (S) are based on curves F and the derived F, 
curves. The paper is founded on the comparison of 
independently developed primary and secondary flow- 
stress curves. As previously shown, the tertiary 
curves are based on the accurately established re- 
gions of the diagrams. The final clause of Mr. Geil’s 
discussion questions the “validity” of something that 
is not in the paper. No quantitative comparison of 
derived curves has been made. Moreover, no numeri- 
cal value is mentioned in any of the conclusions at the 
end of the paper. However, if the word “quantitative” 
refers to the accuracy that might be expected in 
mechanical testing, quantitative comparison of the de- 
rived curves would be valid except possibly in the 
regions beyond the constant-state curves. 

The following comment has no connection with Mr. 
Geil’s discussion. Curves E in fig. 11 are based on the 
assumption that the variation of latent energy with 
plastic strain is in accordance with the diagrams pre- 
sented by Taylor and Quinney.” In a recent study of 
the evidence, however, I have reached the conclusion 
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that the influence of plastic strain on latent energy is 

not in accord with the views of Taylor and Quinney. 
Curves E in fig. 11, therefore, are probably too steep. 
Moreover, I would now prefix to conclusion 10 of the 
paper the words, “For constant intrinsic strength.” 


A Method of Examination of Sections of 
Fine Metal Powder Particles with the 
Electron Microscope 
by L. Delisle 
DISCUSSION, J. D. Shaw presiding 


A. H. GEISLER—The magnification in this paper can 
be appreciated by the metallurgist only when the grain 
sizes are expressed in familiar terms. In fig. 3a, for 


example, the grain diameter. is about 0.00001 in. which —_ 


corresponds to the prodigious figure of 64,000,000,000 
grains per cu mm. Where can one obtain a supply of 
the mounting plastic, aerotex M-3? What specific tech- 
niques were used to strip formvar or parlodion replicas 
from the surface or shadow cast for the various illus- 
trations in the paper? Were the three basic types of 
structures in carbonyl iron powder associated with dif- 
ferent conditions of formation? 

L. DELISLE (author’s reply)—I thank Dr. Geisler 
for his realistic illustration of the magnifications re- 
ported in this work. Aerotex M-3 is supplied by Ameri- 
can Cyanamid Co., Textile Resin Department, Bound 
Brook, N. J. 

Regarding stripping, the replica solution was poured 
over the surface of the specimens which were drained 
and allowed to dry. The replicas were then stripped 
with scotch tape on which the supporting screens had 
been placed. Before stripping, breathing on the speci- 
men surface, covered with the dried replica film, helps 
in the removal of the replica. That method is one of 
the standard procedures used for plastic film prepara- 
tion. References are given at the end of the paper. 

Manganese, as mentioned in the paper, was the 
shadow casting metal. 

The structures of carbonyl iron shown in the paper, 
as explained, were observed in the minute amount of 
powder used for one mount; that amount was taken 
from one sample of powder. For lack of information 
on the sample, the differences cannot be explained. The 
micrographs are simply intended to show the type of 
structure differences that can be brought out clearly 
by the electron microscope and would probably be 
missed in the light microscope. 


A. H. GEISLER, Research Laboratory, General Elec- 
tric Co., Schenectady, N. Y.; L. S. BUSCH, P. R. Mal- 
lory Co., Indianapolis, Ind.; R. STEINITZ, American 
Electro Metal Corp., Yonkers, N. Y. 


L. S. BUSCH—Was there any correlation between 
surface characteristics and reduction practice? Was 
there any effect on the fabrication characteristics of 
the powder? Se 

L. DELISLE—The paper was intended only to de- 
scribe a method of preparation of metal powders for 


examination with the electron microscope. No cor-. 


relation was therefore established between the struc- 
tures and surface characteristics observed and the con- 
ditions of fabrication; it is hoped, however, that it was 
shown that such a correlation could be studied with 
the electron microscope when the details involved can 
no longer be resolved with the light microscope. 

R. STEINITZ—Have you ever tried to make an elec- 
tron micrograph of finer iron powder, about 1/10 micron 
in size, or do you think it possible? 

L. DELISLE—It is probably possible to obtain elec- 
tron micrographs of sections of iron particles, about 
1/10 micron in diameter. The micrographs would show 
the size and shape of the section; they may not show 
structural details clearly. It is quite possible that modi- 
fication of the techniques now in use would also permit 


observation of such structural details within the par- 
ticles. Outlines of the particles, dispersed in a support- 
ing film, could no doubt be obtained easily. 


Determination of Boundary Stresses during 
the Compression of Cylindrical 
Powder Compacts 
by M. E. Shank and John Wulff 
DISCUSSION, J. D. Shaw presiding 


P. DUWEZ and L. ZWELL—The authors have pre- 
sented very interesting results on the side pressure ~ 
distribution in a die. The reason for the difference be- 
tween these results and those we published in their 
ref. 5 is possibly the fact that the motion of the piston 
we used in our measurements introduced some per- 
turbating effect. According to our measurements, the 
radial pressure on the side of the die decreases from 
the piston to the center of the compact (supposing that 
both pistons are moving). This situation seems to be 
quite logical, since, as the length of the compact is 
increased (or more exactly, as the ratio of length to 
diameter is increased), the side pressure in the center 
must eventually become zero. It is indeed well known 
that for a long enough compact the powder in the 
center will not even be compacted; hence no side pres- 
sure could possibly exist. According to the authors’ 
findings (which were limited to a length to diameter 
ratio of approximately 0.45) pressure in the center of 
the compact is greater than near the pistons. This type 
of side pressure distribution cannot logically persist 
if the length to diameter ratio increases. We wonder 
if the authors have any comments to offer on this sub- 
ject. 


P. DUWEZ, Department of Mechanical Engineering, 
California Institute of Technology, Pasadena, Calif.; L. 
ZWELL, California Institute of Technology, Pasadena, 
Calif.; F. V. LENEL, Rensselaer Polytechnic Institute, 
Troy, N. Y.; C. BIER, Radio Cores, Inc., Oak Lawn, IIl.; 
J. D. SHAW, S. K. C. Research Associates, Paterson, 
N. J.; J. F. KUZMICK, Ekstrand and Tholand, New 
WOT Kasey 


M. E. SHANK (authors’ reply)—Messrs. Duwez and 
Zwell’s comment on an ever-increasing length of die 
causing the radial pressure at the center eventually to 
be zero is a very logical one. I believe there are two 
opposite tendencies operating here. In the case of very 
short compacts, since the densification of the center is 
not as great as it is near the plungers, the radial pres- 
sure in the center will be larger than the radial pres- 
sure at the more densified (almost solid) part toward 
the ends. This tendency will persist until the die is 
increased to a certain length and then the phenomena 
that Dr. Duwez mentioned will take over. The center 
of a long compact will be so far from the place where 
pressure is applied that the pressure in the center will 
be zero. Thus, for constant compacting pressure, a 
curve of radial pressure at the center would first rise, 
with increasing compact length, and then fall. We 
worked on very short compacts because the mathe- 
matical analysis got so very complicated for long com- 
pacts that we could not analyze some of the data we 
had. 

F. V. LENEL—Will this method permit quantitative 
measurements of the influence of various lubricants 
upon die friction or will the effects that are measured 
by this method be so small that actual differences in 
die friction due to different lubricants cannot be 
measured quantitatively? 

M. E. SHANK—I will agree with Dr. Lenel in that 
the precise quantitative measurements of the value of 
various lubricants cannot be made. We can from this 
method, however, qualitatively determine which of 
several lubricants might be better. We can rate them, 
say, one, two, three. We found stearic acid was better 
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than the others, but I cannot say numerically how 
much better. 

C. BIER—There are two points that I would like to 
make about this paper. One is that in regard to the die 
lubricant I believe that the analysis similar to that 
which just has been reported on in this paper with the 
die lubricant mixed in with the powder rather than 
put on as a slurry on the die wall would be very inter- 
esting. It might, for example, bring out some of the 
answers to the questions that come up when we look 
at the results indicated by the strain. gauges. 

Another point that I would like to make is that in 
regard to Dr. Duwez’ comments about what happens 
when we press a very long compact or briquette, one 
that has a great length in relation to its diameter, the 
straight line relationship shown between radial strain 
and material being used, might be somewhat less start- 
ling if we consider Dr. Duwez’ comments: For example, 
we wonder why is there a straight line relationship 
with all the various powders on that straight line? It 
does not seem logical that such large variations in 
metal powders would all fall on the same straight line 
of a relationship between radial strain and briquetting 
pressure. If we remember that these metal powders 
have large variations in apparent density, we have the 
picture Dr. Duwez was making, the effect of a long, 
tall cylinder as compared to a short one. The answer 
to why we have the straight line is still not exactly 
clear because when we have metal powders which have 
large variations in apparent density we would expect 
the relationship that Dr. Duwez brings out, that is, a 
difference between a long cylinder and a short cylinder. 

It is not clear to me why we have all these points 
for different metal powders falling in a straight line 
in a relation between briquetting pressure and radial 
stress. 

M. E. SHANK—In regard to the placement of lubri- 
cants in the powder rather than along the die wall, 
this was considered in the paper of Kamm, Steinberg, 
and Wulff, in which they dissolved stearic acid in a 
liquid medium in vacuum, placed the powder in the 
resulting solution, evaporated the liquid and therefore 
left each particle coated with a layer of stearic acid. 
They did this for several compacts and found in all 
eases that lubrication of the particles in the compact 
had a very, very small effect compared to the efficiency 
of lubricant placed on the die wall. 

With reference to the second question, this method 
is dependent for its measurement on the strain of the 
die. The strain on the die is going to be proportional 
to stress in the die. In other words, in this method we 
are not interested in the displacement of the powder 
itself; we are only interested in what happens as this 
powder pushes against the die wall and causes it to 
be displaced. Now it happens that regardless of powder 
particle size or distribution, the constraining body, 
which is the die, is distended a certain amount as the 
pressure is applied to the plungers, and consequently, 
the materials all fall in the same line. Lead, for in- 
stance, might flow more and the particles might deform 
more than a harder powder like iron, but neverthe- 
less, the particles will tend to move outward against 
the constraint within the die and push against it. 

J. D. SHAW—Has any work been done on the effect 
of highly polished surfaces and what differences such 
materials have on the test results? And also, what 
effect would such die materials as cemented carbide 
have? 

M. E. SHANK—We wish to extend this work further. 
The die that we used has a very highly polished sur- 
face, as a matter of fact, a diamond lapped surface. 

_From the work here, I would state the opinion that a 
rough surface would not change the values of radial 
pressure any but would certainly greatly increase the 
shear stresses on the die. I believe that this investiga- 
tion should be pursued and we are going to pursue it, 
investigating the effect of surfaces such as tungsten 


carbide and also the effect of wall smoothness or rough- 
ness on the pressing operation. 

J. F. KUZMICK—I have been thinking a little more 
about this startling revelation today, that the type of 
powder does not have too much effect on the radial _ 
strain vs. the pressure applied, and I wonder whether 
we might explain that in a rather simple mechanical 
way. We know how we compress powder. We need 
very little pressure to consolidate the volume of powder 
to a considerable degree and it is only at the very end 
of the pressing stroke that we begin to get a compact 
that holds together. 

In other words, if the compression ratio is 3 to 1, we 
might compress 2% to 1, and if we ejected the powder 
from the die we would still have powder. Then if we 
increase that compression to say 2%4 to 1, we have a 
compact that holds together, and finally, when we go 
to 3, only then do we have a dense compact. Therefore 
it seems to me, whether we use fine powder or coarse 
powder or whether it is copper or iron, the particles 
in effect are losing their identity as we approach the 
point where they cohere to form a compact which will 
hold together, and we are reaching a state where we 
are dealing with a mass of metal rather than powder. 

We could look upon it as increasing the size of our 
die punch as we compress powder in the die. The por- 
tion nearest the moving punch, as pointed out, will get 
the greatest effect of that pressure, and therefore, we 
will get high densification of a layer of powder right 
next to the moving punch, so we might say that the 
punch has been increased in length by, say, a few 
thousandths of an inch. Then, as it comes down a little 
more, some of that pressure is lost due to friction be- 
tween the first section of the compact and the die wall. 
Nevertheless, we will apply pressure to the next layer. 
In the meantime, our bottom plunger is doing the same 
thing from the opposite direction, and finally, when 
we get close to the end of our stroke we have in effect 
two longer punches with a very thin layer of powder 
in between. 

In other words, if we began with an extremely thin 
layer of powder, whether it be copper or iron, or fine 
or coarse, I think we would find we would get just 
about the same radial pressure as the result of pres- 
sure applied to the die punch. And even in thicker 
layers of powder we approach that condition if we 
look at it as having rather solid metal next to it and 
free powder in the middle, and finally, in very long 
pieces we end up with a much longer punch, but most 
of our pressure has been lost due to friction, so we 
have uncompacted powder in the center and zero radial 
pressure. 

M. E. SHANK—I think that is quite true, and that 
question can have further light shed on it if we press 
such things in the die as tungsten, which will not be 
plastically deformed to any extent, and lead, which 
will be greatly deformed and bonded. 


A Dilatometric Study of the Sintering of 
Metal Powder Compacts 
by P. Duwez and H. Martens 
DISCUSSION, R. P. Koehring presiding 


D. D. HOWAT, J. P. CRANSTON, and R. L. CRAIK 
—We have read this paper with interest as we also 
have made quite an extensive investigation of the 
sintering of copper-zinc compacts and, to a smaller 
extent, of the sintering of the two pure metals. 

We have not only used volume changes and X-ray 
diffraction methods to study the sintering process, but 
also changes in electrical resistivity and in heat ab- 
sorption to obtain additional data, the latter investiga- 
tions all having been carried out in vacuum. 

At first, in all cases, resistivity increases with tem- 
perature as in a solid metal. This is followed by a 
rapid decrease in resistivity, heating being continued 
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until there is a linear relationship between resistivity 
and temperature. 

Tests on pure copper compacts (compressed at 20, 
50, and 80 tsi) showed a decrease in resistivity be- 
ginning at 80° to 100°C, a typical example of such a 
curve is shown in fig. 13. This, we believe, indicates 
the onset of sintering, although no volume change is 
recorded in the curves shown by the authors until a 
temperature of 800°F (425°C). 

This may be explained by the assumption that cop- 
per particles, produced by atomization and subse- 
quently compacted under high pressures, have a sur- 
face film of “disordered atoms.” The first step in the 
sintering process may be a bridging effect between 
the disordered surface films of adjacent particles, 
thereby increasing the area of contact and decreasing 
the resistivity. Such a reaction may occur with no 
perceptible shrinkage and this suggestion may help to 


explain the gap of over 300°C between the tempera- _ 


ture indicating the first change in resistivity and that 
at which shrinkage becomes perceptible according to 
the results of Duwez and Martens. We found no ap- 
preciable shrinkage in pure copper compacts up to 
a temperature of 650°C. 
In general our volume change results agree very 
40 . 
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closely with those of Duwez and Martens for the cop- 
per-zine compacts, an example of our volume change 
curves being shown in fig. 14. Fig. 14 also shows the 
changes in resistivity in 60-40 copper-zinc compacts, 
made up in one case from a coarse copper powder and 
in the other from a fine copper powder. It is obvious 
that the major changes in volume and resistivity oc- 
cur at the same temperatures in the copper-zinc com- 
acts. 

: Finally, fig. 15 shows the differential thermal curve 
obtained from a powder compact using solid copper 
as astandard. Here again it is evident that the changes 
in heat absorption and in electrical resistivity and 
volume occur at the same temperature. 

We agree with the tentative explanation offered by 
the authors that the zinc particles are absorbed by the 
copper particles which grow in size leaving cavities in 
spaces formerly occupied by the zinc. We suggest 
that this explanation may be amplified by assuming 
that the zinc is transferred to the copper through the 
vapor phase. The zinc, depositing on the copper, forms 
a film of alloy with a much lower zinc vapor pressure, 
so enabling further condensation of zinc to occur. 
Smigelskas and Kirkendall” have shown that the rate 


of diffusion of zinc into a copper-rich alloy is much _ 


more rapid than the diffusion of copper into an alloy 
with lower copper content, so that the zinc concentra- 
tion in the surface film around the copper particles 
may remain at a level which gives a much lower zinc 
vapor pressure than that of free zinc. By extrapolat- 
ing Hargreaves" data for the values of log pzn against 
the reciprocal of temperature it is quite evident that 
a wide gap exists between the vapor pressure of zinc 
and that of the brasses at the temperatures in question. 

An advantage of postulating the transfer of zinc to 

copper through the vapor phase is that the total sur- 
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face area of the copper particles may be taken as the 
diffusion interface in place of the much more restricted 
area involved if solid diffusion alone is postulated 
across the point contacts which may be assumed to 
exist between the constituent particles. The rapid 
disappearance of the free zinc and the formation of 
copper-zinc alloys at low temperatures is a most no- 
ticeable feature of this investigation and we suggest 
that the transfer of zinc through the vapor phase 
offers at least a partial explanation of this fact. Owen 
and Pickup” have shown that formation of the g phase, 
CuZn, (always the first product to appear) occurs 
within a few minutes when copper and zinc particles 
are merely shaken together and heated inside an 
evacuated sealed container. It is diffieult to visualize 
such rapid transfer occurring purely by solid-solid 
contact. 

Our results show that the volume changes increase 
progressively with zinc additions at least up to 60 pct 
zine, the limit of our investigations. As this composi- 
tion range includes the formation of @ and 8 solid 
solutions and of the y phase, we feel that the sugges- 
tion put forward in the paper, that these large volume 
changes in sintering only occur in the case of simple 
solid solution formation, is inadequate to cover all the 
data. 

As indicated, changes in volume, in resistivity, and 
in heat absorption may all be employed to indicate the 
onset and progress of sintering. In the case of the 
copper-zine compacts the results obtained by all three 
methods are in close agreement. This is not shown 
in the case of pure copper compacts where changes in 
resistivity indicate the onset of sintering at tempera- 
tures far below those given by the volume and heat 
absorption changes. 

We hope to publish a detailed account of our in- 
vestigations in the near future. 

P. DUWEZ and H. MARTENS (authors’ reply) —We 
wish to thank Messrs. Howat, Cranston, and Craik for 
their interesting discussion. We believe that the trans- 
port of zinc through the vapor phase suggested by the 
discussers is a very probable mechanism. However, 
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transfer of metal through the vapor phase is not an 
essential factor in promoting the growth of a compact. 
In the case of a copper-tin alloy, for example, steps in 
the thermal expansion curves are observed during 
sintering, although no tin could possibly be transferred 
through a vapor phase. This question has been dis- 
cussed more completely in a paper presented at the 
International Congress of Powder Metallurgy in Graz, 
Austria, in 1948.* 

The discussers seem to have slightly misinterpreted 
our conclusion relative to the case-of metals forming 
solid solutions. As we explained in the paper, the fact 
that two metals form a complete series of solid solu- 
tions may prevent swelling of the compact. We never 
suggested the opposite point of view the reviewers 
infer by saying “large volume changes in sintering 
only occur in the case of simple solid solution 
formation.” 


D. D. HOWAT and R. L. CRAIK, Department of 
Metallurgy, The Royal Technical College, Glasgow, 
Scotland; J. P. CRANSTON, Department of Metallurgy, 
The University, Manchester, England; H. H. HAUS- 
NER, Sylvania Electric Products Inc., Bayside, L. I., 
N. Y.; C. BIER, Radio Cores, Inc., Oak Lawn, Ill.; R. P. 
KOEHRING, Moraine Products Div., General Motors 
Corp., Dayton, Ohio. 


H. H. HAUSNER—In what atmosphere were the 
experiments made, and were big differences found in 
the results of the studies using various atmospheres 
for sintering? 

P. DUWEZ (authors’ reply)—All these experiments 
I just mentioned were made in hydrogen and also in 
helium. In both cases the shape of the thermal ex- 
pansion curve was the same. 

C. BIER—Are any data available from this dilatome- 
tric study for temperatures over 1400°F? 

Dr. Duwez’ point about the distortion of brass bri- 
quettes in commercial sintering being a function of the 
rate of heating is very well taken. Distortion may be 
overcome by packing the briquettes in bone black 
which results in a lower and more uniform rate of 
heating. 

P. DUWEZ—The measurements were carried up to 
1400°F only. At higher temperatures, shrinkage will 
probably proceed at a faster rate. 

R. P. KOEHRING—Dr. Bier, do you think that in the 
example you referred to, the distortion could be at- 
tributed to the loss of zinc by evaporation and/or to 
the possible influence of the sintering atmosphere? 

C. BIER—Mr. Koehring’s remark about atmosphere 
is well taken since, when brass powders were initially 
being studied, there was considerable interest in the 
use of bone black as a helping agent for atmosphere. 
The experiment described was done with spent bone 
black present more as a packing agent than as a means 
of forming an atmosphere. 
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Electrical Resistivity Measurements on Iron- 
silicon Compacts Prepared by the Powder 
Metallurgy Procedure 
by F. W. Glaser 


DISCUSSION, R. P. Koehring presiding 
R. STEINITZ—During the course of Mr. Glaser’s 


investigation of iron-silicon materials, we pressed a 


compact, half of which consisted of pure iron and the 


other half of ferrosilicon. This compact was sintered 
at a fairly high temperature. I do not know the exact 
temperature, but I am sure that it was above the 
gamma transformation point of iron. The ferrosilicon 
contained enough silicon to suppress the alpha-gamma 
transformation completely. After sintering, the fer- 
rosilicon part of the compact was fairly dense, but the 
iron part was still very porous. This again shows an 
agreement with Mr. Duwez’ findings, that shrinkage 
in the alpha range is very much faster than in the 
gamma range. The ferrosilicon remained alpha while 
the iron had changed to gamma at the high sintering 
temperature. 

At the AIME San Francisco meeting, a paper was 
presented in which the degree of homogenization of 
alloys was followed by magnetic measurements. We 
believe that resistivity measurements are very much 
better to follow the alloying process, as the magnetic 
properties are influenced much more by porosity than 
the electrical resistivity. 

R. P. KOEHRING—How nearly would two adjacent 
specimens agree in electrical resistivity? In other 
words, how accurately can you measure resistivity and 
distinguish one specimen from another? 

F. W. GLASER (author’s reply)—The accuracy of 
the electrical resistance measurements for this investi- 
gation was very high if the cross-sectional area of the 
sample under test could be determined accurately. 
Electrical resistivity measurements in many cases per- 
mitted prediction of silicon content of the sample by 
the use of fig. 7, showing the percent silicon vs. 
electrical resistivity relationship. 

R. P. KOEHRING—Would you expect that this 
method could be used for determining the degree of 
sintering of other metal or alloy systems besides iron- 
silicon? 

F. W. GLASER—Yes. Though Hausner* employed 
the electrical resistivity of sintered materials as in- 
dicator of the degree of sintering, and Seelig’? used 
resistance measurements for green strength determina- 
tions of powder compacts, it seems to me that this 
method of testing has also very definite limitations. 
Alloying and diffusion processes might readily be fol- 
lowed by changes in electrical resistance. However, 
work hardening and oxide films having distinct in- 
fluence on the electrical resistivity of metal powders 
and compacts, might in some cases hide the real 
meaning of this test. The electrical resistivity is also 
influenced by the porosity, especially in low-density 
compacts. 

R. P. KOEHRING—In other words, you believe this 
is most applicable to high-density materials which 
you made to a high density by high pressing. 

F. W. GLASER—In view of the fact that low densi- 
ties were avoided by the use of the hot-pressing 
method, the electrical resistivity measurements meant 
an accurate and fast method for determining the pro- 
gress of diffusion in these alloys. 

J. Q. ADAMS—Were there any particular controls 
on the ammonia atmosphere? Was it dry or wet 
ammonia? 

F. W. GLASER—AII heat treating was carried out 
in dry atmospheres: either in hydrogen or cracked 
ammonia. Although the purity of the atmosphere was 
controlled to a high degree by the use of drying 
towers and palladium catalyst, all samples were placed 
into special boats under an additional getter, con- 
sisting either of iron-silicon, iron-aluminum, or sili- 
con powders. 

J. T. NORTON—I think there is no question but 
what this discontinuity in the curve relating the re- 
sistivity to composition for iron-silicon alloys is due 
to the ordering, which takes place in the general 
composition range of around 16 pct. The ordered con- 
dition has been recognized previously and apparently 
the ordering persists to very high temperature, per- 
haps even to the melting point, so it is reasonable to 
expect that samples which are either quenched or 
slowly cooled from a temperature close to the melting 
point should give the same results. One would expect 
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to find a lower resistivity in an ordered alloy than in 
eau alloys which exist at compositions on either 
side. 

J. D. SHAW—There were two different density 
measurements obtained on three different compacts 
which had been sintered at increasing temperatures. 
All the compacts had about the same resistivity. I 
wonder if there is an explanation as to why they had 
the same resistivity, yet there was a wide difference 


in the porosity or density between one of these and 
the other two. 


R. STEINITZ, American Electro Metal Corp., Yonk- 
ers, N. Y.; R. P. KOEHRING, Moraine Products Divi- 
ston, General Motors Corp., Dayton, Ohio; J. Q. 
ADAMS, General Electric Co., Schenectady, N. Y.; 
J. T. NORTON, Massachusetts Institute of Technology, 
Cambridge, Mass.; J. D. SHAW, S.K.C. Research Asso- 
ciates, Paterson, N. J. 


F. W. GLASER—The materials you refer to have 
been tabulated in table III, and contain 33.5 pct silicon. 
In the higher density ranges, the resistivity varies 
only very little with decrease of porosity. 

R. P. KOEHRING—I have another question in re- 
gard to the lower density materials. Would it not be 
possible to compare resistivity measurements on 
materials of corresponding density? You said you 
could not use this method on low density materials, 
only on materials that are of maximum density. If 
you compared the resistivity measurements against 
completeness of sintering on materials of similar lower 
density, would you not still get a correlation? 

F. W. GLASER—Yes. I believe you will be able to 
compare specimens for their completeness of sinter- 
ing if their densities are alike, or nearly alike, even 
in lower density ranges. 
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The Yielding and Strain-aging of Carbur- 
ized and Nitrided Single Crystals of Iron 
by H. Schwartzbart and J. R. Low, Jr. 
DISCUSSION, R. W. E. Leiter presiding 


A. N. HOLDEN and J. H. HOLLOMON—A detailed 
analysis of Schwartzbart and Low’s data indicates 
that it has not yet been demonstrated that single 
crystals of iron exhibit a drop in load and constant 
lower yield stress upon initial yielding. The present 
paper brings into focus the confusion as to the nature 
of the initial yielding of steel and emphasizes the need 
for additional careful experimental research. It can 
now be concluded definitely, however, that even if 
single crystals of steel are subsequently shown to 
have -an initial drop in load and lower yield-point 
elongation, this elongation will be found to be signifi- 
cantly smaller than that of fine+grained polycrystalline 
specimens. 

In order to emphasize the contradictions in 
Schwartzbart and Low’s research, a detailed analysis 
of their results follows. 

Crystal No. 2, the data for which are in fig. 9, ex- 
hibited no trace of a yield point in either the car- 
burized or decarburized condition. 

If the “drop in load” in the flow curve of carburized 


crystal No. 3, fig. 11, is considered a yield point, the » 


horizontal part of the initial flow curve of the de- 
carburized crystal No. 3 is also a yield point. Further- 
more, the two crystals labeled No. 3 and purportedly 
of the same orientation have a large difference in 
elastic moduli. 

Of all the crystals tested, crystal No. 4, fig. 13, lends 


the most support to the authors’.contentions concern- 
ing the yield point. 

The initial drop in load and yield-point elongation 
of the non-nitrided crystal No. 5 of fig. 15 is greater 
than for all other carburized or nitrided crystals 
except crystal 5 when nitrided. 

Crystal No. 6, fig. 17, shows no definite drop in load 
in either the nitrided or non-nitrided condition. 

Crystal No. 7, fig. 19, fails to show any yield point 
either nitrided or after wet hydrogen treatment. Again 
the moduli of two purportedly identically oriented 


specimens are vastly different. 


It is apparent from figs. 10, 12, 14, 16, 18, and 20 that 
all the crystals that supposedly contain nothing to 
cause strain-aging—that is, no carbon or nitrogen—do- 
strain-age. Therefore, they must not have been 
thoroughly decarburized. 

In summary, crystals 2, 6, 7, exhibit no yield whether 


they contain carbon or nitrogen. Slight indications of 


a yield point were found for crystals 3, 4, and 5 in 
the carburized or nitrided conditions. However, yield 
points were also observed for crystals 3 and 5 in the 
“carbon and nitrogen-free” condition; in fact, 0.4 pct 
yield-point elongation was measured for crystal 5 after 
wet hydrogen treatment. 


An alternative conclusion, equally tenable with that 
of the authors’, is that all the crystals that did have 
initial yield points, exhibited them as a result of de- 
formation followed by aging prior to testing. It is 
not unlikely that a repetitive procedure of straining 
slightly, observing the alignment, resetting grips, and 
restraining until alignment is accomplished, could de- 
form the crystals enough to cause strain-aging. 

The crux of the experimental problem, then, since it 
is now known that iron crystals will strain-age, is 
to prove beyond a doubt that the initial yield point 
occurs in a perfectly aligned, previously undeformed 
crystal and not as a consequence of strain-aging. 
Certainly experiments in which only half of the crys- 
tals show an initial yield point are not conclusive. 
Admittedly, it is also just as important in any experi- 
ments in which no yield point is observed to demon- 
strate that slight misalignment has not obscured a 
slight yield point. It is possible that in our (Holden 
and Hollomon™) experiments, lack of alignment could 
have obscured a small yield-point elongation. 

It appears that it has now been demonstrated that 
iron single crystals strain-age, and that the yield 
point elongation of single crystals tested at room 
temperature is very small if not nonexistent. 


A. N. HOLDEN and J. H. HOLLOMON, General . 
Electric Co., Schenectady, N. Y.; R. MADDIN, Johns 
Hopkins University, Baltimore, Md.; R. W. E. LEITER, 
The Budd Co., Philadelphia, Pa. 


H. SCHWARTZBART (authors’ reply)—First, the 
authors agree that the yield-point indications in the 
single crystals are very slight compared to the magni- 
tude of the effect in the polycrystalline samples. 

In regard to the inconsistency of behavior from 
crystal to crystal, the authors believe the explanation 
is that mentioned in the presentation of the paper. 
Apparently none of the crystals was completely de- 
carburized and denitrided, as was hoped would be 
the case. The traces remaining were sufficient to make 
these specimens exhibit yield-point behavior. 

In regard to the reasons for some of the carburized 
or nitrided crystals not showing yield-point behavior, 
I should like to point out that the effects are small and 
tend to be obscured by all of the experimental diffi- 
culties. The fact that a yield point was ever obtained 
should certainly be significant. 

Holden and Hollomon suggest that the yield-point 
indications obtained in the initial tests were the re- 
sult of strain-aging, the strain having taken place 
during alignment of the specimen in the machine. The 
authors cannot agree with this notion for the following 
reasons. Extreme caution was observed in order not 
to strain the specimen before inserting in the machine. 
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The strains during alignment were elastic. Even 
granting there was any plastic straining, it must have 
been extremely small; but even granting the amount 
was enough to cause strain-aging, it is very unlikely 
that the time at room temperature between aligning 
and testing was sufficient to cause strain-aging. 

In connection with our work, I should like to de- 
scribe some results obtained by Cottrell and Gibbons” 


20 A, H. Cottrell and D. F. Gibbons: Thermal Hardening of Cad- 
mium Crystals. Nature (Sept. 25, 1948) 162, 488. 
on cadmium single crystals which exhibit a drop in 
load similar to mild steel. I will not describe their 
experiments in detail, but the gist of it is that carbon 
crystals grown in nitrogen showed a drop in load in 
the annealed condition. The annealing was done with 
the specimen in place in the tensile machine. Crystals 
which were grown in argon, however, showed no 
drop in load. The nitrogen affected the yield-point 
behavior of the cadmium crystals the same way we 
believe it affected the iron crystals. 
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Fig. 18—Eccentrically loaded single crystal. Gauge 
1 is 180° from gauge 2. 


Fig. 19—Axially loaded single crystal with same 
orientation whose stress-strain curves are plotted 
in fig. 18. 


R. MADDIN—I should like to report some related 
work that was done at Yale, about a year and a half 
ago, regarding yield point in brass crystals. 

A long, brass, cylindrical single crystal was cut into 
two parts. On attempting to investigate the yield 
phenomenon, strain gauges were placed at four dif- 
ferent positions, 90° apart. 

In one of these crystals the stress-strain diagram was 
plotted using strain gauges, 180° apart. The two curves 
for this crystal are illustrated in fig. 18. On the second 
crystal, some degree of accuracy in axiality of loading 
was assured and a very well-defined yield point is 
evident in fig. 19. 

These figures clearly illustrate the necessity for 
exact axiality since the introduction of any eccentricity 
will produce plasticity on one side of the crystal prior 
to plastic action on the other side. 

J. H. HOLLOMON—TI should-like to point out the 
importance of this problem to the general problem of 
deformation, and to indicate some of the reasons for 
the interest in it. There are many theories of deforma- 
tion, but there is only one that seems to explain most 
of the observed effects. This is the theory of deforma- 
tion by the propagation of pre-existent dislocations. 
This theory has made only one prediction, however, 
and that is that single crystals of iron should exhibit 
yield points. If they do not, less credence would then 
be given to current dislocation theory. Even if yield 
points of small magnitude are found, the theory still 
has to explain the tremendous difference in the be- 
havior of single crystal and the polycrystal. If the 
yield-point effect is not observed in single crystals of 
iron, if it is absent, as far as I can see, it means that 
the dislocation mechanism as proposed by Taylor, 
og: Becker, Cottrell, etc. must be severely modi- 

ed. 

R. W. E. LEITER—I should like to ask the authors if 
they observed surface markings on the test piece dur- 


ing the test. Heterogeneous flow is thought always to 
accompany the sharp yield point and therefore any 
data on the presence or absence of Liiders lines would 
be of value. 

J. R. LOW, JR. (authors’ reply)—In reply to Mr. 
Leiter’s question it is obvious that this investigation is 
incomplete, and also Holden and Hollomon’s, in cer- 
tain respects. We did not examine all possibilities, 
such as structural changes and, further, as a result of 
the manner of testing, it was not possible to observe 
the surface during the deformation, so that we cannot 
say anything about whether or not a heterogeneous de- 
formation accompanies the drop in load. 

I would like to summarize the position at the 
moment. If you will recall, Holden and Hollomon 
found absolutely no indication of anything resembling 
what we call the yield point in their crystals. We 
have not always found this yield-point phenomena in. 
ours. I think that it might be argued that there was a 
possibility. of minute plastic strains in our crystals 
before they were tested. This is a pretty hard thing 
to rule out absolutely, if one is dealing with extremely 
small strains, so that there is some possibility that 
strain-aging may enter into the yield-point indica- 
tions that we did observe. On the other hand, I think 
there is good reason to believe that Holden and Hollo- 
mon’s crystals were not very well aligned. As Dr. 
Maddin has pointed out, this has a profound effect on 
the behavior at the beginning of flow. 


Size Effects in Quenching High-purity, 
Precipitation-hardenable Alloys 


by W. L. Finlay 
DISCUSSION, T. L. Fritzlen presiding 


T. L. FRITZEN—With reference to Dr. Finlay’s 
paper, I would like to state that we have found varia- 
tions in hardness from the center to outside in heavy 
14S-T6 and 25S-T6 sections produced commercially. 
The center of the heavy section was found to have 
lower hardness than the outer areas. 


T. L. FRITZLEN, Reynolds Metals Co., Richmond, Va. 


W. L. FINLAY (author’s reply)—The work reported 
in the paper showed that high purity aluminum-copper 
and aluminum-zine in sections thicker than 1/10 in. 
gave “anomalous” precipitation hardening whereas 
commercially pure 24S and 75S did not. If these re- 
sults can be generalized, the hardening variations in 
commercially pure 14S and 25S reported by Dr. Fritz- 
len are not related to the effects reported in the paper. 
The indication of the latter is that the combination of 
high purity and specimen thickness greater than per- 
haps 1/10 in. may give greatly variable precipitation 
hardening behavior in aluminum-base, precipitation- 
hardenable alloys. 


Secondary Recrystallization in Copper 


by M. L. Kronberg and F. H. Wilson 
DISCUSSION, W. R. Hibbard, Jr. presiding 


C. H. MATHEWSON—As the study of structural 
changes during plastic deformation, recrystallization, 
diffusion, and heat treatment, generally advances to- 
wards a clear interpretation of these complicated pro- 
cesses, this paper will be recognized as a milestone of 
progress in this all important field of theoretical metal- 
lography. In considering the origin of textures or other 
structural readjustments it is often necessary to con- 
template rotations as well as translations of parts of 


' the crystal, or blocks, relative to other parts. If a block 


of considerable size is rotated around a central axis, 
its outermost atoms obviously become widely separated 
from the atoms of the matrix and this intolerable con- 
dition of strain would have to be relieved by some 
appropriate slipping process. It has lately been demon- 
strated” that even the simplest straining mechanism of 
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a single crystal is accompanied by slip on more than 
one (the classically predicted) set of octahedral planes 
doubtless to accommodate the rotations which must 
occur in order to maintain a proper axial condition as 
the shape of the specimen changes when its parts move 
against one another. 

What the authors have done, apart from the factual 
data in this paper, is to demonstrate how a nucleus or 
domain within a crystal can change its orientation, or 
rotate around a crystallographic axis and grow with- 
out introducing the considerable strains just men- 
tioned. It seems highly probable that this sort of a 
mechanism operates in recrystallization, perhaps in 
plastic deformation in conjunction with slip, and very 
likely in diffusion. Probably the essentials of this struc- 
tural change are recorded in the literature of crystal- 
lography but this in no way detracts from the initiative 


of the authors in pointing out the fundamental appli- 


cation to metallurgy. 


I shall discuss only this aspect of the paper and will 
call your attention first to the crystallographic nature 
of the process. Fig. 26 shows, at C, the northwest pole 
of the octahedral plane carrying the indexes of im- 
portant planes in this zone. It is seen that directions 
of the form <213> can be superposed by rotating 
either through a small angle, which is 22°, in one 
direction, or through a larger angle, 38°, in the other 
direction. This of course brings the lattices into co- 
incidence along the line in question when one plane 
is rotated above or below the other. This condition is 
shown for a 22° counterclockwise rotation in the 
authors’ fig. 13, with respect to the sites of all atoms 
when three planes, making a completed lattice, are 
rotated around an axis centered at one of the circled 
large black sites. It is important in considering this 
figure to realize just how the authors have designated 
all of the sites. The large black sites represent the 
central plane, the smaller black sites may represent 
the lower plane, and the smallest black sites the upper 
plane, all in their original positions. The large open 
sites represent the rotated positions of the atoms in 
the central plane, the smaller open sites, the rotated 
positions in the upper plane, and the smallest open 
sites, the new positions in the lower plane. Observe 
that the atoms of the lower plane have been given the 
rotated positions of the atoms in the upper plane and 
vice versa. And they have reached these positions by 
local rotations involving small displacements around 
the sites which would be found in coincidence if a 
bodily rotation of the planes (as described earlier) took 
place. This is the fundamental operation advanced by 
the authors, and it is important to examine it with 
respect to the nature of the twin fault which they re- 
gard as a possible activating cause of the process. 

Referring again to fig. 26, assume simple extension 
of a crystal whose axis is located at P, bringing into 
operation as a primary slip system the plane whose 
pole is at D and the observed direction IV. We cus- 
tomarily say that the slip direction moves towards the 
axis which is the enforced direction of flow of the 
material, i.e, the active component of stress is re- 
solved in the conventional slip direction and the force 
is acting along rows or strings of close-packed atoms 
lying in the direction IV. But it has been my view for 
many years, as stated by the authors on pp. 509-510, 
that the atoms cannot move over one another in the 
close-packed direction but must move in the valleys 
which are <112> directions. Ideally, this may be 

viewed as two-stage slip, yielding an integrated dis- 
placement in the close-packed direction. However, the 
first movement produces a twin fault and if it persists 
or can be recognized through some characteristic after 
effect, as may be argued in the present case, there is 
ground for belief that in some stage of the slip process 
only this first stage of slip takes place (in many loca- 
tions) owing to some interference, by cross-slip, or 
otherwise, with the second stage. While the normal 
stacking of planes in the face-centered cubic lattice 


exhibits the two <112> directions, a and b, shown in | 


Fig. 26—Lattice rotations during <112> slip. 


fig. 26 to the left and right of close-packed direction IV, 
the first stage movement for extension must be in the 
direction a. This is the movement which would permit 
an upper block to shear over a lower block with a 
resulting obtuse angle between the two, as required 
for extension. The other movement could not take 
place as a first stage except in the reverse direction 
corresponding to contraction. 

In order to direct the basic flow direction resulting 
from shearing movements between many planes in the 
a direction, towards the flow direction prescribed by 
the axis, the crystallite rotation, or the rotation in the 
affected part of the crystal must be along the great 
circle joining A and a, say to the point P,. However, 
the component of stress which forces the entire pro- 
cess of slip and orientation is in the close-packed direc- 
tion IV requiring a rotation along the great circle join- 
ing P and IV and this stress condition requires that an 
axial position P,, corresponding to the rotation pre- 
viously described, should move towards P., i.e., a rota- 
tional strain in the crystallite around the pole of the 
slip plane D. Such a rotational strain at the slip site 
is opposed by the body of the crystal adjacent to the 
plastic disturbance. In an elastic process, strain would 
disappear on release of load, but in the plastic process 
at hand, almost certainly involving cross-slip and slip 
on conjugate planes, a condition of residual stress per- 
sists and it is believed that its relief would require 
rotations in opposition to one another in the vicinity 
of slip sites. 

In order to visualize the changes which might be 
necessary to produce such a result, fig. 27 has been 
prepared. The stacking is shown below with numbered 
sites. Here, the sites in the lowest plane are numbered, 
3, in the next above, 2, and in the uppermost plane, 1. 
In the upper part of the diagram, this stacking is shown 
through a group of eight planes at the left. The opera- 
tion of producing a twin fault by slip at one site in 
the <112> direction, 1 to 3 in the lower sketch, pro- 
duces the alteration in stacking shown in the column 
to the right of the arrows. As 1 moves to 3, all of the 
planes above move with it and, for consistency with 
the authors’ fig. 13, dots of three sizes are included 
along side the numbered sites to show the relative 
positions of the atoms in the various planes. This bodily 
movement of a group of planes over another group 
does not show the true positions of the planes or the 
elastic strain after shear, because in reality the upper 
group moves in one direction and the lower group in 
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the other direction, with the customary rotation and 
its associated strain, to preserve axiality. But it does 
grossly exhibit the altered stacking. 

Now the upper bracketed group of four planes may 
be brought to the twinned stacking either by 38° clock- 
wise rotations of all the atoms shown around a co- 
incidence site, 3, or by the exact rotations used by the 
authors in fig. 13. These are 38° clockwise rotations of 
upper and lower planes around the three coincidence 
sites respectively. It is not feasible to examine the 
rotations of fig. 13 during discussion but the result is 
shown at the right in the present diagram. In number- 
ing the site changes, primes are used against the num- 
bers because all of the sites are moved into correspond- 
ing positions given by the gross reorientation of the 
crystal. That is, the crystal as a whole is rotated 22° 
counterclockwise, but this part is twinned by rotating 
the original atoms 38° clockwise into twin positions. 

The lower bracketed group of four planes is now 
reoriented by rotations of all the atoms 22° counter- 
clockwise in groups around coincidence sites, 3, which 
correspond to the site around which the gross reorien- 
tation of the crystal was effected. This part is thus 
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Fig. 27—Growth of a reoriented twinned crystal 
from a twin fault. 


rotated 22° throughout and remains untwinned. The 
alternative operation of rotations around the three dif- 
ferent coincidence sites cannot be used in this case. If 
these rotations are performed completely throughout 
the structure shown in the authors’ fig. 13, atoms at 
the coincidence sites numbered 3 are of course left un- 
changed. But those at the other centers shown in fig. 
13 (triangles and dots) have to move so as to change 
sites around the outermost circles which would be de- 
scribed about the coincidence sites, 3. 
_-Not enough is known about the complete strain pat- 
tern in the deformed crystal to argue the competence 
of the alternative methods offered for the rotation into 
twin position, namely, use of a single set of coincid- 
ence sites as axes of rotation, or use of all three sets. 
As may be seen at the right of the diagram the struc- 
tural change that occurs in the suggested process is a 
growth of reoriented twinned crystal on one side of the 
twin fault and a growth of reoriented untwinned crys- 
tal on the other side with a composition plane, num- 
bered 2’, joining the two parts. This is in accord with 
many observations of recrystallized structures. 
Finally, it is of the greatest importance in evaluat- 
ing the authors’ results to consider the polarity of the 
rotations. One of their principal observations was the 
restriction of reoriented octahedral poles in the re- 
crystallization of their rerolled “cubically aligned 
structure” to positions which would correspond to 
clockwise rotations of what seem to be basically 22° 
and counterclockwise rotations of 38°, respectively, 
around the northwest and southeast poles or counter- 
clockwise rotations of 22° and clockwise rotations of 
38°, respectively, around the northeast and southwest 
poles. This cannot have its origin in the fundamental 


crystallography of the process because, as already 
pointed out, symmetry relationships permit no such 
restriction of polarity in the coincidences of <321> 
directions by rotations around the octahedral poles. 

It is suggested that this restriction is inherent in 
the slip process and depends upon the polarity of the > 
rotation, P, to P, shown in fig. 26 when properly asso- 
ciated with the slip directions which are active in the 
given process. In the present case, the cubic texture 
has slip directions III and IV lying in the lateral planar 
boundaries of the strip as it lengthens in rolling. If 
these actually dominated in the direct rolling of the 
cubic texture, they would by their slip and rotation 
permit the strip to elongate in the rolling direction 
and contract along the strip-normal without spreading 
sidewise, as must be required. Consider first the action 
of direction IV in the plane whose pole is located at 
D. For consistency with the stereographic charts shown 
by the authors, let the upper cube pole represent the 
rolling direction. The central pole then represents the 
strip-normal which must contract in the slip process. 
For elongation of the strip the axis in question (upper 
cube pole) must move towards the slip direction con- 
cerned, i.e., the direction which was at RD moves 
towards IV. But we are postulating slip in a <112> 
direction, a or b, to the right or left of IV as we ob- 
serve from RD. When octahedral planes move over 
another in <112> directions of the face-centered cubic 
lattice there is a directional restriction.* 


*I have found no simple way to demonstrate this in the stereo- 
graphic projection. It is best to consider the atom sites in detail 
with a model and trace the appropriate movements for extension 
or contraction. 


If a certain direction is prescribed, the atoms can 
move in this sense along a selected <112> lattice line 
but would have to move in an opposite sense along 
an adjacent <112> lattice line. In this case the <112> 
slip and rotation producing elongation of the crystal 
correspond to movement of RD (the axis) towards, b, 
the <112> line which hes farthest from the cubic 
axis. The movement of the axis is therefore in the 
direction of the arrow to some point 1. But the con- 
ventional <110> slip and rotation are represented by 
the arrow in the direction IV to some point 2 and the 
rotation around the pole of the slip plane (D) which 
would direct the <112> flow direction towards the 
normal <110> flow direction determined by the funda- 
mental action of stress along a close-packed lattice 
line, is indicated by the arrow from 1 to 2. This is 
viewed as the counterclockwise rotation observed by 
the authors as a 22° rotation around pole D. 

Consider, similarly, the same direction IV in a plane 
whose pole is located at B. The corresponding <112> 
lattice lines are at c and d. Observing at RD, the move- 
ment towards the righthand <112> lattice line, d, ie., 
the <112> direction farthest from the axis, leads to 
some point 3; the conventional slip and rotation are as 
before and the corrective rotation around the pole of 
the slip plane B is clockwise as shown by the arrow 
from 3 to 2. This is considered to be the clockwise 
rotation observed by the authors as-a 22° rotation 
around pole B. 

Similar analyses of the action of direction III in the 
planes whose poles are located at C and A lead to a 
counterclockwise rotation around A and a clockwise 
Ewes around C in correspondence with the authors’ 

g. 9. 

This long discussion will be concluded with a few 
words about the significance of the reorientations pro- 
duced on annealing the cubically aligned strip when 
activating nucleii are present. When part of the crystal 
is rotated about the normal to an octahedral plane 22° 
in one direction there is the crystallographic require- 
ment that an adjacent part be rotated 38° about the 
same axis in the other direction in order to produce a 
stable twin complex. The rotations analyzed are the 


“ones which I have associated with a presumed direc- 


tion of elastic (or anelastic) strain at a hypothetical 
twin fault and a reactive (opposite) strain in the adja- 
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cent crystal. Nothing is known about the magnitude 

of these strains but they are used to activate the Dea 
and 38° rotations which remove the strain from the 
affected planes and produce a structurally homogeneous 
twin-complex whose adjustment to the surrounding 
material is of course characterized by strain at its 
boundaries. Further growth of the twin crystal in one 
direction or another parallel or normal to the compo- 
sition plane would of course be activated by this bound- 
ary strain as in the general process of grain growth. 
It is believed that variable strain patterns exist in the 
neighborhood of twin faults due to various causes such 
as cross-slip or perhaps dislocations of one sort or an- 
other. These of course would cause variable growth 
effects but it is important to note that the polarity 
effects and the general crystallographic features of the 
observed recrystallization pattern are in harmony with 
the analysis given in this discussion. 


C. S. SMITH—The authors have considered the 


points of lattice coincidence only on the basis of a two- 
dimensional plane interface. It might be advisable to 
consider these things three-dimensionally. It is possible 
that the authors’ points of lattice coincidence corres- 
pond to positions at which, by an appropriately warped 
interface, the two lattices can be completely coherent 
and continuous with each other. 

P. A. BECK—This paper is very interesting. Many 
of the experimental results in it are in excellent agree- 
ment with those observed independently and published 
practically simultaneously by two other groups of in- 
vestigators, namely, by Beck and Hu” and by G. W. 
Rathenau.” The close agreement in the experimental 
results in these three investigations certainly empha- 
sizes the reliability of the results. We can now accept 
with a considerable degree of assurance that in face- 
centered cubic metals the major part of the orientation 
change in coarsening corresponds to a rotation around 
a /11l/] axis—a fact first discovered by Bowles and 
Boas.” In the work of Bowles and Boas tough pitch 
copper and in that of Kronberg and Wilson OFHC 
copper was used; both materials were of commercial 
purity. Rathenau worked with a face-centered nickel- 
iron alloy of commercial purity. It is significant that 
the orientation relationship found by Beck and Hu is 
practically the same, even though the process in these 
experiments was a pure-bred instance of texture- 
dependent coarsening, with practically no dispersed 
second phase particles present, while in the investiga- 
tions with commercial purity metals the inhibiting 
effect of the particles of dispersed phases could not 
have been negligible. 

I wish to emphasize the excellent agreement of the 
orientation relationships found by the three groups of 
investigators mentioned since it is in notable contrast 
’ to the differences in certain of the interpretations. The 
main difference between Kronberg and Wilson on the 
one hand and Beck and Hu and Rathenau on the other 
hand, relates to the question whether these orienta- 
tion relationships result from oriented nucleation or 
oriented growth. These questions will be discussed 
more fully in connection with the paper of Beck and 
Hu. 

One of the interesting new observations found by 
Kronberg and Wilson is that, in addition to the /111/ 
rotation, coarsening in commercial purity OFHC copper 
may lead also to grains with certain other orientations, 
similar to those found by Rathenau in Ni-Fe alloys. 

Another interesting result, very satisfactorily shown 
by Kronberg and Wilson, relates to the shape of the 
coarse grains growing in copper. These grain boundary 
shapes indicate clearly that surface energy must be at 
least a contributing factor of growth in coarsening. I 
am inclined to agree with the authors that very likely 
it is the only driving force, although Rathenau takes 
the point of view that the driving energy is derived 
from the small residual strains remaining in the re- 
crystallized grains. My belief that Kronberg and Wil- 
son are correct in this respect is based on the observa- 
tion that very often a considerable extent of gradual 


grain growth takes place between recrystallization and 
coarsening. In such cases any residual strains that may 
have been retained during recrystallization must have 
been certainly eliminated during the grain growth 
process; subsequent coarsening must have had a driv- 
ing force other than that postulated by Rathenau. This 
view is further supported by recent work of Guinier 
and Tennevin,” with Rathenau’s samples. Even by using 
the best available X-ray diffraction methods, these in- 
vestigators could not distinguish between the degree 
of crystalline perfection of the coarse grains and that 
of the fine-grained matrix in which they grew. 

C. G. DUNN—The authors have presented a very 
interesting paper both with regard to new knowledge ; 
concerning recrystallization phenomena and to stimu- 
lating ideas on possible mechanisms of recrystalliza- 
tion. In contrast to other investigators they have 
found a somewhat different and more exact orientation 
relationship between the large secondary twin grains 
and the primary cube texture matrix for an active 
<111l> axis—the common <111> axis of the twins, 
which also is a <111> axis of the cube texture. The 
asymmetry found relative to rotations about <111> 
axes, which reduces the final symmetry from four- 
fold to two-fold, is an interesting new feature. 

In agreement with results obtained by Turkalo and 
Turnbull,* the authors find it necessary to add strain 
to a sharp, cube texture, fine-grained matrix to make it 
undergo secondary recrystallization. They also find 
that the resulting texture is essentially the same as 
that obtained for secondary recrystallization proceed- 
ing without added strain in a matrix, which occurs 
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when the cube texture is not so strong. This circum- 
stance adds credence to the idea that a nucleation 
process is involved in secondary recrystallization re- 
gardless of added strain. 

The authors consider that twins have to be present 
before secondary recrystallization will occur without 
added strain and that when strain must be added, the 
strain must generate twin faults. According to this 
view a stable, strong, cube texture matrix is one free 
of twins or twin faults. However, if we assume a strain- 
free matrix in the usual sense as the authors do, it is 
difficult to envisage a nucleation process involving the 
action of a twin, say at a grain boundary position. The 
question arises “How large must a new grain or twin 
pair become before it can continue to grow using grain 
boundary energy alone as the driving force?” The 
answer, I think, is a grain certainly larger than that 
of other matrix grains. This idea was discussed briefly 
in a paper” given a year ago. The arguments involve 
the view that boundary energy for grains differing 
only a small amount in orientation is small compared 
with the energy normally encountered for grains dif- 
fering appreciably in orientation (this view the authors 
also accept). Geometrically this picture means that an 
“off-orientation” grain surrounded by grains in the 
(100) [001] orientation would be nearly equivalent to 
an island grain in a single crystal and would tend to 
disappear unless already above a critical size. Since 
the critical size of a nucleus increases with decrease 
in energy per unit volume of a strained matrix, it 
appears obvious that the critical size of the off-orienta- 
tion grain would be appreciably above that of the other 
grains. That a grain could start from submicroscopic 
size and grow large enough by statistical fluctuations 
to pass over the energy hill and complete the nuclea- 
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tion process as needed here seems very doubtful. Even 
with additional energy arising from a favorable change 
in lattice arrangement at the surface of the sheet, as 
the authors suggest, it does not seem likely that such 
a nucleation process could occur. 

If we are to have a nucleation process then, it seems 
to me that some strain energy is required in regions 
of the crystal lattice. As pointed out by Bowles and 
Boas,” it is entirely possible that part of the matrix 
becomes strained during a primary recrystallization 
process. The present writer has observed” individual 
grains in silicon iron with appreciable strain resulting 
from primary recrystallization of deformed single 
crystals. Turkalo and Turnbull* noted an effect of type 
of annealing on stability of the strong, cube texture 
material, and this may mean an alteration of self- 
straining with the manner in which primary recrystal- 
lization occurs. Finally, one has to suppose a relation 
between self-straining and degree of texture formation 
to account for nucleation without the added strain for 
the weaker cube texture materials. 

The question also arises “Can all the facts regarding 
secondary recrystallization be explained without a nu- 
cleation process—that is by exaggerated grain growth?” 
It seems doubtful to me that they can. Twinning dur- 
ing growth, for example, in a manner called repeated 
twinning, and this occurs quite often in copper, is not 
at all the same as growth of a twin pair. Nucleation 
during growth is required whenever several orders of 
twins occur or whenever more than one twin per grain 
forms. Such twinning occurs frequently during re- 
crystallization in silicon iron when strain, of course, 
has been added, but apparently never occurs during 
exaggerated grain growth when strain has not been 
added. It may, however, be argued that the energy 
required to nucleate a twin in the body-centered cubic 
lattice is no doubt much higher than that in the face- 
centered cubic lattice; so twinning by a faulting pro- 
cess during growth with little change in boundary 
energy may be a possibility in copper and other face- 
centered cubic metals even when strain energy is not 
present. The dependence of the secondary recrystal- 
lization texture on manner of deforming the stable 
cube texture matrix, which the authors found, is much 
easier to explain by a nucleation process than by 
growth alone. Incidentally I should like to suggest 
similar experiments be done on single crystals rather 
than the cube texture material to test these findings 
on orientation changes during recrystallization. 

. On the other hand, there are two points of interest 

regarding the growth hypothesis. If the “off-orienta- 
tion” grains finally disappear from the matrix with 
sharpening of the cube texture, then the matrix should 
become stable on the basis that sameness of orientation 
does not favor growth. Straining such a matrix, of 
course, would initiate a recrystallization process. Sec- 
ondly, the precise relationship found between second- 
ary twin pairs and the cube texture could be accounted 
for in terms of recrystallization of the cold-rolled struc- 
ture. This would arise from recrystallized grains hav- 
ing the 38°-22° relationship with respect to a (100) 
[001] weak component of the cold-rolled texture. Such 
a component of the cold-rolled texture has been re- 
ported by Burgers’ and others. The origin of larger 
_ grains having the (001) plane common with the (100) 
[001] texture might be similarly explained; their origin 
does not appear to reside with twins or twin faults in 
a nucleation process. 

The authors point out a number of interesting things 
in connection with coincidence plots and suggest that 
such plots may be useful in the analysis of recrystal- 
lization data in silicon iron. If such plots have to be 
made with reference to the active plane—{111} or 
{100} in FCC lattices—as the authors have done, then 
I can understand their suggestion of using the {110} 
plane for the silicon-iron lattice. Recrystallization in 
silicon-iron crystals, which were deformed a small 
amount, occurs according to a sub-set of third-order 
twins.” * These have a <110> axis common with the 


parent crystal. Somewhat less accurately, the relation- 
ship is that of second-order twins and all such twins 
have one <110> axis in common with the parent grain. 
On the other hand, it seems to me that the {112} plane, 
which is the twinning plane, would be just as good for 
a coincidence plot. Barrett" believes that twins of 
minimum thickness or twin faults form in ferrite dur- 
ing deformation. Twins are always in good coincidence; 
so small atomic movements would easily permit an 
orientation change from first to second-order twins 
and this would appear as a rotation about an appro- 
priate <110> axis. In any case I would be happy to 
see coincidence plots applied to BCC lattices. 

There is an effect of orientation on ease of growth 
as well as one of ease of regrouping at the initial stage 
of a nucleation process, because nucleation requires 
sufficient growth to pass the energy hill. This latter 
aspect of the problem, which is concerned with find- 
ing the role played by orientation relationships in all 
growth processes, is, I believe, a very important one 
at the present time. 

W. M. BALDWIN, JR.—I agree with, and should 
like to support, the authors’ findings anent the ori- 
entations obtained on annealing rolled — cubically 
aligned copper strip. 

The limitation which the authors place upon their 
observations, “The importance of the observation 
that the orientations of the grains resulting from the 
recrystallization of the rolled (cubically aligned) 
samples are essentially insensitive to the degree of 
rolling cannot be overemphasized, for it indicates the 
action of a fundamental, discrete mechanism of de- 
formation and recrystallization throughout the range 
of deformation studied,’ is quite judicious. At higher 
reductions, of course, the orientations resulting from 
annealing have been reported to be quite different.* 
When cubically aligned copper is rolled 81 or 91 pct 
and then annealed, a structure closely approximating 


a (110) [112] texture results. If cubically aligned 
copper is rolled 50, 60.5, or 72 pct, and then annealed 
however, a mixture of two discrete orientations is 
found: one orientation being that which the authors 
report for cubically aligned copper that is rolled in the 
range 0 to 35 pct, and then annealed, the other being 


(110) /112]. It thus appears that there are a number of 
discrete orientations which appear on recrystallization, 
each developing successively as the strain within a 
specific region increases. A clue of extreme significance 
in this mystery is the fact that the second orientation 
represents almost exactly twice the strain of the first 
on a crystallographic basis—if the mechanism of de- 
formation described in reference 12 for rolling cubi- 
cally aligned strip is accepted. 

J. E. BURKE—The authors mention in their paper, ~ 
and there have been mentions repeatedly in the litera- 
ture, the several reorientations that can occur on sec- 
ondary recrystallization: The rotation about a (111) 
pole, rotation about a cube pole, and possibly, rotations 
about other poles that are not too well defined. Do 
they have any information as to the exact conditions 
which may give rise to the one or the other of these 
various reorientations? 

J. S. BOWLES—I had intended to ask the question 
which Dr. Burke just asked. We had the experience 
in Melbourne that some single crystals of copper pro- 
duced by secondary recrystallization possessed an ori- 
entation which was related to the “cube structure” by 
a rotation about the (100) direction rather than the 
(111) direction. The copper was the same as we had 
used in our work on secondary recrystallization, and 
the amount of reduction and annealing temperature 
were similar. Information regarding the conditions 
under which these different rotations were produced 
would be of value. 

. M. L. KRONBERG and F. H. WILSON (authors’ 
reply )—We thank all of you for these stimulating 
discussions. In particular, we are indebted to Dr. 
Mathewson for his enriching contribution of so much 
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hew information, as well as for his appreciative evalu- 
ation of the work. 

Dr. Mathewson has analyzed the crystallography of 
the 22°-38° coincidence plot, and further elaboration 
on this subject is in order. Referring to fig. 13, he has 
shown that directions of the form <213> can be super- 
posed by rotating either 22° in one direction or 38° 
in the opposite one. The directions under considera- 
tion are defined by the sides of the unit multiple tri- 
angular net defined by the coincidence points. Ex- 
amination of the figure shows that one orientation 
can be derived formally from the other by a 180° 
rotation about such a line. As has been pointed out 
to M. L. Kronberg by J. D. H. Donnay, such a rotation 
is a twinning operation, and therefore it is appropriate 
to speak of the corresponding orientation change as 
occurring by twinning. At right angles to such a 
twinning axis there is a mirror plane of symmetry 


which bisects an angle of the unit multiple triangular ~ 


net. 

Considering the two dimensional: plane interfaces 
used in constructing figs. 12 and 13, one can see no 
composition plane common to the two orientations. 
As Dr. Smith has pointed out, it might be advisable 
to consider an appropriately warped three dimensional 
interface in order to make the two lattices completely 
coherent and continuous. This has not been done to 
date, but it should be pointed out that the multiple 
lattice is common to the two orientations. 

Dr. Mathewson’s analysis of the origin of the an-* 
nealing twins formed from the lightly rolled, cubically 
aligned copper free of twins is particularly significant 
—not only because of the very nice results—but also 
because of the method employed. The analysis ra- 
tionalizes both the origins and orientations in terms 
of a mechanism of plastic deformation. This is a par- 
ticularly important type of analysis, for it is clear 
that the eventual goal, in studying plastic deforma- 
tion, strain hardening, recrystallization and softening, 
is to obtain a unified picture relating all these 
phenomena. 

With respect to this kind of analysis, we wish to 
refer briefly to a particular time experiment of Neng- 
Kuan Chen, reported in his doctorate dissertation.” 
A tapered single crystal of aluminum, designated as 
A-2, was axially elongated, and the resulting orienta- 
tion changes along the length of the specimen were 
documented by back-reflection Laue photographs. 
The sample formed deformation bands, but it was 
found that they were regions which lagged behind the 
bulk of the crystal as it underwent orientation changes. 
Otherwise, the changes for the bulk of the sample 
were found to be in accord with the classical analysis 
of Taylor and Elam, i.e., the slip direction moved along 
the great circle common to the specimen axis and the 
slip direction an amount determined by the induced 
shear. In fig. 28, which is a reproduction of Chen’s 
fig. 56a, P, and P, are the initial and final positions of 
the specimen axis for the narrowest end of the tapered 
section. On recrystallization, this portion of the sample 
developed a highly oriented texture. The orientations 
of twenty-five of the grains-are shown in the figure, 
and it is seen that they are simply related to the parent 
by a 37° to 40° rotation about the active cross-slip 

ole. 

s As Dr. Beck points out, there are two apparently 
conflicting viewpoints as to the origin of such a re- 
crystallization texture. (1) The new grains form di- 
rectly from stressed portions of the deformed crystal 
by a process of oriented nucleation and subsequent 
oriented growth of stress-free crystals involving an 
atomic rearrangement of the kind illustrated by the 
coincidence plots of figs. 12 and 13 in this paper. For 
this case the driving force for the reorientation would 
be the residual stress of the deformed metal. (2) The 
new grains originate by a process of oriented growth 
alone of fragments produced during the plastic de- 
formation. How such stressed fragments could produce 
stress-free crystals on growth has not been clearly 
analyzed, but one might hypothesize that a bent one 


could yield stress-free units by polygonization, a stress- 
free unit thus being the one that grows. 

It seems that the experiment just described is very 
strong evidence in favor of the nucleation mechanism 
(1) because one obtains an answer which is very 
straightforwardly related to the process of plastic 
deformation, at least as we understand it today. In 
order to give credence to the second possibility, one 
must conclude that the process of plastic deformation 
has not only produced the experimentally observed 
orientation change P,—>P,, but has also produced 
fragments—as yet undetected by direct experiment or 
predicted by theory—which are related to P, by a 
massive rotation of 37° to 40° about the cross-slip 
pole. Since there is no current way of understanding © 


8 Cross Slip Plane 


Fig. 28—Chen’s figure showing orientation relation- 
ships for axial elongation and recrystallization of 
an aluminum single crystal. 


how such hypothetical fragments might originate, and 
since a simple answer is derived from hypothesis 1, 
it can be concluded that the evidence favors the ori- 
ented nucleation hypothesis for this type of experi- 
ment. Similar experiments susceptible to the same 
kind of argument are referred to earlier in this dis- 
cussion, i.e, the Kronberg and Wilson recrystalliza- 
tion study of lightly deformed cubic copper, the ex- 
periments on single crystals of brass reported by 
Maddin, Mathewson and Hibbard,” and those of 
Turkalo and Turnbull” on lightly strained cubically 
aligned copper. 

On the other hand, it is important to realize that 
there is nothing in this kind of argument which dis- 
credits the oriented growth hypothesis for experiments 
which produce a suitable heterogeneity of orientations 
during the plastic deformation. For such a case, the 
oriented growth mechanism could operate exclusively, 
or it might operate in competition with the oriented 
nucleation one. This brings us to the apparent conflict, 
as pointed out by Dr. Beck, in the interpretations of 
the Kronberg and Wilson, and Beck and Hu experi- 
ments. 

First, Dr. Beck points out that many of the experi- 
mental results reported in the Kronberg and Wilson 
paper are in excellent agreement with those observed 
independently and published practically simultane- 
ously by Beck and Hu, and Rathenau. In order to 
avoid the possible misunderstanding that Dr. Beck 
implies that some of the experimental results are not 
in agreement—and we do not think that such is Dr. 
Beck’s intention—it should be pointed out that the 
experiments performed by the three groups of in- 
vestigators were really different although similar in 
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many respects and were performed on chemically and 
physically different kinds of materials. Apparently 
there is no reason to question the validity of any of 
the experimental findings. Rather, we are to recognize 
that a variety of experiments on recrystallization and 
grain growth yields similar kinds of orientational rela- 
tionships between recrystallized (or coarsened) and 
parent grains. With the possible exception of the one 
experiment already discussed here on the recrystalliza- 
tion of the lightly deformed cubic copper, there is 
nothing completely unambiguous about the experi- 
ments which permits one to interpret the results ex- 
clusively in terms of either the nucleation or growth 
mechanisms, although the various authors point up 
various arguments in favor of one or the other of the 
interpretations. A good service rendered by Dr. Dunn 
is his emphasis of this point by his comments which 
show that either (or both) interpretation can account 
for the experimental observations. One can conclude 
that the experiments to date do not resolve the con- 
troversy over the nature of secondary recrystalliza- 
tion, or coarsening, and that we must appeal to addi- 
tional effort for a possible better understanding of this 
subject. The evidence given earlier in the discussion 
however does suggest a kind of circumstance under 
which oriented nucleation could occur during primary 
recrystallization. To come to any one _ exclusive 
answer for the mechanisms of primary and secondary 
recrystallization at this time, when our knowledge of 
plastic deformation and recrystallization is still im- 
perfect, would only cripple the pursuit of increasing 
enlightenment through new experimentation and 
fresh thinking. 

Returning to Dr. Mathewson’s discussion, he has 
pointed out in his analysis of the origin of recrystal- 
lization twins that it is not possible to convert a 
twin-fault into a pair of annealing twins by the ro- 
tational mechanism which we have discussed. Modifi- 
cations are required, and he has developed appropriate 
ones so as to give a possible mechanism for the 
phenomenon. 

Dr. Dunn has presented information concerning self 
straining on annealing and points out that strains of 
this type might promote nucleation during secondary 
recrystallization. There certainly can be no objection 
to this suggestion. : 

In addition, he refers to his work on the recrystalliza- 
tion of lightly deformed silicon ferrite and points out 
that the new grains can be related to the parent by 
bulk rotation about <110>, which is the active slip 
plane for this material. This is quite analogous to our 
work on lightly deformed, cubically aligned copper in 
the sense that the new grains can be related to the 
old by rotations about the pole of an active slip plane. 

We have not had an opportunity to date to explore 
his suggestion of applying coincidence plots to a {112} 
twinning plane as a possible plane of rotation. 

Dr. Baldwin has pointed out the results of orienta- 
tion studies of recrystallization following higher de- 
formations than those which we covered. It might 
have been expected that, since the deformation tex- 
ture up to the 35 pct reduction involves comparatively 
little spreading of the cubic orientation, recrystalliza- 
tion of the more complicated deformation textures 
following 60 to 90 pct reduction would give even more 
complicated textures than a simple mixture. 

With respect to Dr. Beck’s comments concerning the 
purity of the materials used in our work, it is perti- 
nent to record that we repeated many of our experi- 
ments with samples made from A.S. and R. super 
purity copper and obtained confirmatory results. Twin 
bearing, cubically aligned samples underwent second- 
ary recrystallization; twin-free ones did not unless 
they were lightly deformed. 

Dr. Burke and Dr. Bowles have inquired about the 
conditions which produce orientations during second- 


ary recrystallization other than the rotations about - 


<111>. All that we know about the conditions which 


produce <100> rotations in copper is recorded in the 
paper. Some additional comments can be made by 
Kronberg on some experiments on Fe-Ni alloys done 
by him in the Hammond Laboratory. Apparently, 
pure nickel and an alloy containing around 20 pet 
iron behave similarly to copper. The rotations during 
secondary recrystallization are almost exclusively 
about <1ll>, and only infrequently about <100>. 
For alloys containing around 50 and 65 pct iron, the 
situation is reversed. In addition, for the 65 pct iron 
alloy, one also observes the orientations found by 
Rathenau, which are not related to the parent by ro- 
tation about either <111> or <100> poles. We have 
here the interesting observation that a change in 
composition of a phase alters the nature of the second- 
ary recrystallization in the material. Accompanying 
the composition change, there is of course an associ- 
ated change in the elastic constants, but it is not 
known whether the alteration in the recrystallization 
behavior can be attributed to such a change. 

The strongest objection voiced to date to our sug- 
gestions concerning oriented nucleation and coinci- 
dence plots is the claim that it is not necessary to 
resort to them to explain experimental observations. 
We take the attitude that our understanding of the 
phenomena of recrystallization could be simplified 
by the application of the coincidence plots, and that 
this promise presents a challenge to acquire critical 
evidence to evaluate their applicability. Extensive 


'reorientations do occur during recrystallization after 


deformations which are so light that the possibility of 
rotation of fragments to the new orientation eventu- 
ally observed after recrystallization seems highly im- 
probable. The mechanism described in this paper is 
presented as one possible means for accomplishing 
extensive rotations without extensive atomic displace- 
ments. ; 
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Recovery and Recrystallization in Brass 
by B. L. Averbach 
DISCUSSION, W. R. Hibbard, Jr. presiding 


C. S. BARRETT—The X-ray diffraction measure- 
ments in this investigation and in the related ones 
at M.LT. are, I believe, among the most accurate that 
have ever been made. There is still a possibility, 
however, that important details of the cold-worked 
state will be missed if it is always assumed, as I 
believe it is assumed here, that reciprocal lattice 
points are broadened equally in all directions by cold 
work. Since anisotropic broadening of points has been 
found from various types of disorders in crystals, it 
would be desirable to have measurements on cold- 
worked and on recovered single crystals. Is there a 
plan to continue the work using single crystals? 

It is curious that there is so little change in extinc- 
tion during annealing in the recovery range. There 
are changes of some sort, of course, since hardness 
changes. If “polygonalization” played any part in the 
recovery of brass it would seem that clear evidence 
of it would have been found in these data. 


C. S. BARRETT, University of Chicago, Chicago, Ill. 


B. L. AVERBACH (author’s reply)—We recognize 
the limitations of the powder pattern technique, and 
are at present studying the distribution of intensity in 
reciprocal lattice space for deformed brass crystals. 
The results are too preliminary to be discussed now. 


Recrystallization Texture and Coarsening 
Texture in High Purity Aluminum 
by P. A. Beck and H. Hu 
DISCUSSION, J. E. Burke presiding 


F. H. WILSON—The authors have shown very 
nicely that the recrystallization texture of rolled or 
compressed single crystals of aluminum, and the orien- 
tations of coarse grains growing in the recrystallized 
matrix, can be derived from their respective parent 
structures by rotations about [111] poles. However, 
they attach no more significance to this derivation 
than to say that the deformation makes nuclei of a 
favorable orientation available. The “oriented growth” 
theory then goes on to state that recrystallization 
textures, and the orientations of coarse grains, result 
from the preferred growth of these nuclei of favorable 
orientation. 

I would be the last to deny the orientation depen- 
dence of rate of growth in a matrix having a preferred 
orientation, but I cannot accept the belief that 
“oriented growth” determines the resulting preferred 
orientation. Some of the textures studied in this neat 
group of experiments are more sharply defined than 
one could expect from “oriented growth” alone. For 
instance, “oriented growth” has allowed an extensive 
range of orientation to grow in a “sharply defined” re- 
crystallization texture in the case of Crystal II. How- 
ever, if it alone determined the preferred orientation, 
one could hardly expect. the sharp textures, both in 
recrystallization and coarsening, which are found in 
Crystal I. The authors state that the observed deriva- 
tions of textures “do not prove that nuclei of other ori- 
entations do not exist,” but I am inclined to believe 
that the derivation of a sharp texture from a sharp 
texture is strong evidence that only nuclei of the new 
orientation are present. However, these “nuclei” are 
not the three-dimensional units to which the term 
“nucleus” customarily refers. Rather, as described in 
the first paper presented at this session,” they are two- 
dimensional embryos of nuclei existing at regions of 
somewhat higher energy in the parent lattice. 


I would take issue with the authors’ statement that 
“It may be assumed that in a recrystallized material, 
even with a strong texture, there always are present 
some grains of practically any orientation.” This is a 
premise of the “oriented growth” theory. Anyone who 
has looked at the structure of twin-free cubically 
aligned copper would have to discard all evidence 
that grain growth proceeds under the influence of 
surface energy forces to believe that any small nucleus 
of a strange orientation can exist therein. Indeed, I 
believe that strange orientations cannot exist in un- 
detectable amounts in a recrystallized matrix—their 
surface curvatures would be too great. 

It is, of course, gratifying to Mr. Kronberg and my- 
self to find that Crystal I shows rotations around [111] 
within +4° of 38° both on recrystallization and coars- 
ening, and similar results in the authors’ re-interpre- 


_tation of the data of Burgers and Louwerse® on re- 


crystallization of a compressed single crystal. Our 
own re-interpretation™ of the data of Barrett® and of 
Bowles and Boas” found an angle of 38° to be signifi- 
cant. We also drew a coincidence plot for rotations 
of 28° (32°) and this may be significant in interpreta- 
tion of the 27° and 33° rotations which the authors find 
in the data of Burgers and Louwerse’ for recrystalliza- 
tion of a rolled single crystal. The results of two other 
experiments are given in the authors’ table III. Because 
of the spread in orientations, little can be said about 
Crystal II. However, at the risk of giving the im- 
pression that a coincidence plot can be pulled out 
of the hat for any observed rotation, I would like to 
say a little about the 47° rotations during recrystalliza- 
tion of Crystal III. In the family of (111) coincidence 
plots, the 38° (22°) rotation has the greatest density of 
coincidence sites; the next most dense is 28° (32°): 
In our paper we did not include any higher angles 
than 38°, but the rotation corresponding to the third 
greatest density of coincidence sites is 47° (13°). For 
the present I do not claim anything more than that 
the equivalence of rotation of Crystal III and this 47° 
plot is coincidental. However, the simplicity of atomic 
motions involved in a 47° coincidence plot is of in- 
terest. This plot is shown in fig. 18. At the left, atoms 
in a single plane are shown before (open circles) and 
after (filled circles) the effective 47° rotation. At the 
right, the motion of atoms in three planes is illustrated 
—small circles in the plane below and large circles in 
the plane above the original plane. Note that each 
atom moves only 13° around the coincidence site in 
its plane in an opposite direction from that of the 
effective bulk rotation. The longest path is no more 
than % an atomic distance. 

Finally, I would like to ask if the authors feel that 
the single recrystallization texture is developed in 
both the main portion of the deformed material and 
the deformation bands, or that the recrystallized 
grains from the main portion have absorbed the ma- 
terial of the deformation bands whether before or 
after it recrystallizes? 


F. H. WILSON, Technical Department, The Ameri- 
can Brass Co., Waterbury, Conn. 


P. A. BECK and H. HU (authors’ reply)—In an- 
swer to Dr. Wilson, I would like to review again, 
briefly, the present status of our thoughts on texture 
theory. The work of Bowles and Boas,” of Rathenau 
and Custers,” of Kronberg and Wilson” and the pres- 
ent paper furnish ample corroborative evidence for 
the predominance in various face-centered cubic 
metals of a certain orientation relationship (rotation 
of 30° to 40° around a [111] axis) between grains 
growing in a matrix with a strong single orientation 
texture and the matrix itself. It is furthermore defi- 
nitely established that this orientation relationship is 
essentially the same in both recrystallization, when 
the matrix is a cold-worked single crystal and the 
growing grains are essentially strain free, and in 
coarsening when both the fine-grained highly ori- 
ented matrix and the growing grains are essentially 
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Fig. 18—Atomic motions in a 47° coincidence plot. 


strain free.* Since the driving force of grain boundary 
migration in the first case may be as much as 100 to 
1000 times larger than in the second case, the identity 
of the orientation relationships in these two processes 
is truly remarkable. 

*The use of the term recrystallization in this specific sense 
(“primary recrystallization’” in cold-worked metals) has been quite 
generally accepted in the technical literature of English speaking 
countries. The term coarsening has been widely used in the steel 
industry for many years to describe the discontinuous type of grain 
growth denoted by certain investigators as ‘“‘exaggerated grain 
growth” or ‘‘fabnormal grain growth.’ However, the latter terms 
have been used also in reference to recrystallization after small 
deformations (‘‘critical recrystallization’’); therefore, they may be 
misleading. The term “secondary recrystallization’” is unsuitable 


because it implies that the phenomenon is strain induced (see ref. 
26) — a highly questionable proposition. 


This re-orientation, occurring whenever a new 
generation of grains is growing in a highly oriented 
matrix, might conceivably come about in one of two 
ways. One may assume either, as Kronberg and Wil- 
son do, that nuclei for the new grains are available 
only in the required orientations (“oriented nuclea- 
tion’) or, as we do, that from among available nuclei 
of a great variety of orientations those with suitable 


orientation relationship with respect to the matrix, 


have by far the highest rate of growth (“oriented 
growth”) and will, therefore, predominate. In addi- 
tion to the work of Dunn,” independent observations 
made by Rathenau and Custers,” Kronberg and Wil- 
son, and ourselves on coarsening, artificially nucle- 
ated at points of heterogeneous local deformation, 
make it quite certain that in coarsening the rate of 
growth is in fact orientation dependent. The selective 
growth of grains having the correct orientation with 
respect to the matrix, when “nuclei” of a large variety 
of orientations have been provided artificially (fig. 19), 
eannot be rationalized without accepting the fact that 
the rate of growth in coarsening is orientation de- 
pendent. Furthermore, the three investigations just 


° d 
ae j 


mentioned all contain data to prove that the orienta- 
tion corresponding to the highest rate of growth is the 
same as found in textures produced by spontaneous 
(not artificially nucleated) coarsening. More recently 
it was possible to prove* that the same is true in the 
case of artificially nucleated recrystallization (fig. 20). 
Once it is clearly understood that the experimental 
facts can be readily accounted for on the basis of 
oriented growth—itself an experimental fact—the hy- 
pothesis of oriented nucleation is obviously unneces- 
sary. It should be pointed out also that oriented nu- 


Fig. 19—Orientation dependence of the rate of 
boundary migration in coarsening. 


Several small grains of varying orientation produced by an- 
nealing at the sheared (lower) edge of the specimen. From 
among these “nuclei” those with favorable orientation grew 
large at the expense of the fine-grained matrix of single 


orientation texture. This matrix was produced by a 3 min 
anneal at 525°C of a high purity aluminum single crystal, 
previously rolled to 90 pct reduction of area. Deep etching. 
X8. Area reduced approximately one sixth in reproduction. 
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cleation by itself is incapable of accounting for the 
experiments with artificial nucleation, referred to 
above. 

: It is well known that textures obtained by coarsen- 
ing are usually much more sharply defined than the 
original matrix texture from which they developed. 
For instance the (110) [100] texture in silicon-iron is 
formed by coarsening from a recrystallized matrix 
with a rather weakly developed texture. It is easy 
to see that the sharpening of the texture in coarsening 
cannot be accounted for on the assumption of oriented 
nucleation. On the basis of that hypothesis, the ori- 
entation of individual nuclei might be very accurately 
related to the orientation of the individual matrix 
grains in which they formed. Even then, this would 
lead to a spread in the coarsening texture at least 
equal to that in the matrix texture. On the other 
hand, if the coarsening texture results from oriented 
growth, and the rate of growth of the coarse grains 
is determined by their relative orientation with re- 
spect to the average orientation of the neighboring 
small matrix grains, much of the orientation scatter 
present in the matrix will be eliminated from the 
coarsening texture. Thus the observed sharpening of 
the texture in coarsening is easily interpreted on the 
basis of oriented growth. 

Kronberg and Wilson” state that, “The positive re- 
sult that ‘secondary recrystallization’ does not occur 
in twin-free cubically aligned copper but does in twin- 
bearing material .. . is the strongest kind of experi- 
mental evidence in favor of the concept of nucleation 
of new orientations at twin boundaries in the cubi- 
cally aligned material.” Their failure to produce 
spontaneous coarsening in cubically aligned aluminum 
was cited by Kronberg and Wilson as additional evi- 
dence in favor of the specific brand of oriented nucle- 
ation theory, which requires the presence of twin 
boundaries for the occurrence of a nucleation event. 
This theory cannot explain the results of the present 
investigation, which indicate that coarsening in fact 
does occur in fine-grained high-purity aluminum of 
a single orientation texture. It is significant that, ac- 
cording to Kronberg and Wilson’s observations, the 
twin-free cube texture in copper is more perfectly 
developed than the “cube component” of the twin- 
bearing material. It appears very probable that the 
occurrence of -spontaneous coarsening in the twin- 
bearing material is a result of the presence of a suffi- 
cient number of grains suitably disoriented with re- 
gard to the main texture to serve. as “nuclei” for 
coarse grains. Similarly, the slowness of spontaneous 
coarsening in the twin-free material may be attributed 
to the more sharply defined texture which does not 
contain large enough grains with orientations suffi- 
ciently deviating from the main texture. When 
“nuclei” with such off-orientations are provided by 
inhomogeneous local deformation and recrystalliza- 
tion, coarsening quickly proceeds. This interpreta- 
tion is again in good agreement with the work of 
Rathenau and Custers” who showed that in a face- 
centered nickel-iron alloy with cube texture spon- 
taneous coarsening occurs within a certain range of 
perfection of the cube texture. If the perfection of 
the texture becomes too great (after too high deforma- 
tion), spontaneous coarsening no longer occurs in the 
range of annealing conditions used, but, here too, 
coarsening can be induced by providing grains of off- 
orientation by recrystallization after an inhomogene- 
ous local deformation. 

As discussed in ref. 28, the evidence now available 
convincingly shows that, even in the presence of am~- 
ple driving energy, low-energy grain boundaries, 
corresponding to nearly identical or nearly twin ori- 
entation, migrate very reluctantly. On the other 
hand, high-energy grain boundaries, such as those be- 
tween grains of a relative orientation corresponding to 
a [111] rotation of about 30° to 40°, are highly mobile. 
It is possible that grain boundary migration takes 
place by a mechanism requiring self-diffusion along 


Fig. 20—Orientation dependence of the rate of 
boundary migration in recrystallization. 


Many small recrystallized grains of various orientations formed 
at the immediate vicinity of the two scratches. Those re- 
crystallized grains with suitable orientation with respect 
to the cold-worked matrix grain grew selectively. High- 
purity aluminum initially annealed 4 hr at 650°C, rolled 12 
pet, electrolytically polished and scratched, annealed 1 hr at 
350°C. Repolished and anodically etched. The two scratches 
were partially removed by repolishing in order to make the 
numerous small grains more clearly visible. Polarized light, 
Biot-Klein quartz plate. X25. Area reduced approximately one 
sixth in reproduction. 


the migrating grain boundary. If so, the low mobility 
of low-energy boundaries and the high mobility of. 
high-energy boundaries could be a result of the low, 
respectively high, rate of self-diffusion along such 
grain boundaries. 
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Recrystallization and Microstructure of 
Aluminum Killed Deep Drawing Steel 
by R. L. Rickett, S. H. Kalin, and J. T. MacKenzie, Jr. 
DISCUSSION, J. E. Burke presiding 


J. E. BURKE—I am particularly intrigued by the 
effect of cooling rate of the steel prior to the final re- 
duction upon the course of the recrystallization process 
which occurs later. Mr. Rickett finds that slow cooling 
from 1500°F causes aluminum-killed steel to behave 
similarly during recrystallization to rimmed steel, 
while rapid cooling leads to slower recrystallization 
and typical pancake-shaped grains. I should like to 
point out that there is considerable evidence that the 
role of the cooling rate, and of the other early thermal 
treatments, is probably to control the size and distribu- 
tion of the inclusions which can inhibit grain boundary 
migration. M. L. Samuels‘ has observed that exag- 
gerated grain growth occurs in certain mild steels only 
after proper cooling rates preceding the final box 
anneal. Similarly, I have observed® that the rate of 
grain growth in alpha brass can be profoundly 
influenced by the rate of cooling from high temperature 
prior to a final cold reduction and recrystallization. In 
these cases, the observations are consistent with the 
explanation that at least some second phase inclusions 
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go into solution during the heating. If the specimen 
is rapidly cooled they reprecipitate in highly dispersed 
form which efficiently restricts grain boundary migra- 
tion, while if the specimen is slowly cooled, time is 
available for diffusion over greater distance, so the 
final precipitate consists of a smaller number of larger 
particles which have less effect upon grain boundary 
migration. This explanation is also consistent with the 
fact that slow cooling makes killed steel behave more 
like rimmed steel during recrystallization. One thing 
bothers me however, and I should be interested in Mr. 
Rickett’s comments on it. He has observed that grow- 
ing recrystallization nuclei have difficulty in crossing 
the old grain boundaries if the steel originally was 
cooled rapidly, while less difficulty exists if the steel 
was cooled slowly, as in the rimmed steels. One would 
expect, however, that during slow cooling the pre- 
cipitating phase would have more chance to form at 
the grain boundaries, and thus that pancake-shaped 
grains would be more likely to form in slowly cooled 
material. Possibly coalescence is sufficient with slow 
cooling so that the inclusions have little effect upon 
grain boundary migration, and that during rapid cool- 
ing there is still sufficient preference of the precipitate 
for the old grain boundaries so that the new grains 
have difficulties in crossing them. 


J. E. BURKE, Knolls Atomic Power Laboratory, 
General Electric Co., Schenectady, N. Y. 


R. L. RICKETT (authors’ reply)—As suggested by 
Dr. Burke, there may be sufficient precipitation at 
grain boundaries during rapid cooling to inhibit re- 
crystallization and grain growth after subsequent cold 
reduction, whereas after slow cooling the precipitated 
particles may be too large to be effective. An alterna- 
tive explanation for inhibition at former grain boun- 
daries is that the inhibiting material is retained in 
solution when the steel is cooled rapidly, and then is 
precipitated during heating after cold reduction. 
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The Crystal Structure of Ni,W 


by E. Epremian and D. Harker 
DISCUSSION, C. H. Samans presiding 


R. M. TRECO—tThe present paper gives rise to sev- 
eral interesting theoretical points, particularly if we 
consider also the analogous compound Ni,Mo which 
has a crystal structure identical to that of Ni,W. A con- 
sideration of the work of Huime-Rothery and others 
leads one to expect intermetallic or electron compounds 
when the electron:atom ratio exceeds about 1.40 and 
the size factor is unfavorable. Superlattices, on the 
other hand, are characterized by the simple ratios AB 
and A,B in most cases because these compositions 
usually indicate zone transitions. Combination of a 
size-factor which is favorable yet not too favorable 
and a high zone number for the solute atoms is ob- 
served in ordered atomic arrangements. The electron: 
atom ratio is 0.40 for Ni,W and 0.20 for Ni,Mo, neither 
of which can be made to satisfy the usual ratio re- 
quirements for electron compounds even if a substitu- 
tion of electrons for atoms in various ratios is made 
as suggested by Norbury. However, the ratio Ni,W is 
close to that of the A,B superlattice type and a con- 
sideration of the closest distance of approach of the 


R. M. TRECO, Massachusetts Institute of Technology, 
Cambridge, Mass. 


Ni and W atoms for the observed structure shows the 


following: 

Each of the body-centered W atoms has: 
4 Nineighbors at 1.866 A 
4 Nineighborsat 2.469A 
4 Nineighbors at 2.561 A 
8 Wneighbors at 3.371 A 
2 Wneighbors at 3.553 A 
4 W neighbors at 5.730 A 


and it is apparent that this satisfies the conditions for 
a fourth-zone superlattice in respect to nearest solute 
neighbors (the same is true for Ni,Mo except that the 
distances are just slightly different). The size-factor 
is just within the acceptable range for Ni and W or 
Mo. Other considerations are that the compound Ni,Mo 
has been shown previously to be a superlattice, and 
that the resistivity of the 8 phase is not exceptionally 
high when compared with pure metals and some alloys, 
since alloying increases resistivity as does the presence 
of quenching stresses. The authors point out that the 
drop in resistivity on aging is greater for the 19.8 at. 
pet alloy which is closest to the ideal ratio, Ni,W. 
Alloys which equal or slightly exceed this ratio in W 
may have even lower resistivity with similar aging 
treatment. 

Since the mechanism of the change to @ structure is 
temperature dependent, appearing to be a phase change 
above 950°C, yet definitely establishing itself as an 
ordering reaction below this temperature, it would 
seem logical to designate the alloys below 950°C as p’ 
as has been done in the Cu-Zn system. 

Have the authors found a similar temperature- 
dependence in the mechanism of the reaction for the 
17.6 at. pect W alloy and, if so, did the mechanism also 
change at 950°C? In order to establish the upper limit 
of the proposed p’ phase in this system, information 
on the temperature at which the reaction mechanism 
changes for other alloys in this range should be inter- 
esting. 

E. EPREMIAN and D. HARKER (authors’ reply)— 
An ordered structure may be—and has been—defined 
as one in which atoms have essentially the same rela- 
tive positions as in a solid solution, but in which the 
different atomic species are arranged in an orderly 
way. In this sense, both Ni,W and Ni,Mo have ordered 
structures based on the face-centered cubic structure 
of the solid solutions of W and Mo in Ni. An ordered 
structure may form as a separate phase—by the nu- 
cleation and growth of a precipitate, for instance—or 
by a homogeneous reaction—“ordering.” In the case of 
Ni,W, it has been shown that the same structure can 
form by both mechanisms. However, it does not seem 
reasonable to change the name of a substance, depend- 
ing on the method of its preparation. Consequently, 
the distinction between 8 and p’ proposed by Treco 
appears unrealistic. 

Treco’s table of interatomic distances is incorrect. 
The Ni neighbors of a W atom are: 8 Ni at 2.538A, 4 Ni 
at 2.563A. 

The experiments suggested by Treco on the tem- 
perature dependence of the mechanism of formation 
of 17.6 at. pct W in Ni have not been carried out, and 
it seems unlikely that an opportunity to do this work 
will arise. 


Structure of Diborides of Titanium, Zirco- 

nium, Columbium, Tantalum, and Vanadium 

by J. T. Norton, H. Blumenthal, and S. J. Sindeband 
DISCUSSION, R. L. Rickett presiding 


R. KIESSLING—This paper is of interest to those of 
us who are working on borides of transition elements. 
For CrB,, which is of interest in this connection, we 
at Uppsala have obtained the following values for the 
lengths of the axes’: 
@ = 2.969 A, ¢c = 3.006 A, c/a = 1.033 
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Thus the calculated lattice dimensions will be (in 
Angstrém units) 


Metal to Boron Metal Separa- Metal to 
Metal to Boron to tion of Metal 
in Sheet in Sheet Boron Sheets in Pure 
Metal 
CrBz 2.97 1.72 2.30 3 
Mo-B e-phase 3.01 1.74 2.31 313 380 
W-B e-phase 2.98 ee, 2.34 3.07 2.82 


No further decrease of the separation of the metal 
sheets is thus observed when going from vanadium to 
chromium. The binding between adjacent boron atoms 
may, however, cause a deformation of the spherical 
shape of the atoms. 

It may be mentioned further that the ¢ phases in 
the molybdenum and tungsten-boron systems are re- 
lated to the MeB, phases discussed. They consist in 
part of simple hexagonal metal lattices with boron 
nets between the metal sheets. The values for the 
simple hexagonal parts of these phases are given above, 
but it must be pointed out that it is impossible to de- 
termine whether the boron nets are complete or not. 

Our investigations on columbium and tantalum- 
borides have shown that CbB, and TaB, have extended 
homogeneity ranges. For TaB, the values are 


Lower limit about 66.7 at. pet Upper limit about 
64 at. pct boron boron 72 at. pct boron 


@ = 3.099,c = 3.224A a =3.078,c = 3.265A a = 3.057,c = 3.291 A 


The decrease of the a-axis and increase of the c-axis 
indicate that the hexagonal nets of boron atoms for 
higher content of boron than 66.7 at. pct are filled up 
by additional boron atoms in the centers of the already 
existing rings of the nets, giving more or less complete 
sheets of boron atoms. The extension of the homo- 
geneity range to boron contents lower than 66.7 at. pct 
may be explained if the other phases of this system 
are regarded.° 

Concerning the application of Hagg’s rule for borides 
of the transition elements, we have come to the same 
conclusion as the authors. Studies on the borides of 
Th, Zr, Ta, Cb, Mo, W, Cr, Mn, Fe, Co, and Ni show 
that Hagg’s rule is valid only if the boron atoms occupy 
isolated positions in the metal lattice. The boron atoms, 
however, have a marked tendency to form chains, nets 
or three-dimensional networks through the metal lat- 
tice and Hagg’s rule seems not to be valid for these 
borides. ; 

It is finally of great interest to note that conductivity 
measurements on ZrB, and TiB, have been made, and 
their metallic character confirmed. 


R. KIESSLING, Institute of Chemistry, University 
of Uppsala, Uppsala, Sweden. 


J. T. NORTON (authors’ reply)—In our observations 
on columbium and tantalum boride we have observed 
that the diffraction lines were not sharp, whereas, for 
the other borides they were sharp. This suggested the 
possibility of a homogeneity range for these borides. 
Kiessling has confirmed that this homogeneity range 
is considerable. 

I might also add that it is important to remember 
that in these interstitial structures the geometry is not 
the only thing to consider. With tungsten and molyb- 


denum borides of the MeB, type, the radius ratio would 
be about 0.61, which would lie right in the range of 
the borides which we have been investigating. The 
fact that these elements do not form such borides is 
an indication that something about the chemical nature 
of tungsten and molybdenum is different from these 
other transition elements. 

I do not quite understand Dr. Kiessling’s statement 
that in the case of borides in which the composition 
exceeds that of the MeB, type that the extra boron 
atoms go in the center of these rings. If that is the 
case, it means that the boron atom must lie directly 
between two metal atoms which are practically in con- 
tact, and the only way I can make that picture agree 
is to imagine that perhaps there are vacancies in the ~ 
metal atom sheet which permit the boron atoms to 
have these positions. 
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The Isolation of Carbides from 
High Speed Steel 
by D. J. Blickwede and M. Cohen 
DISCUSSION, R. L. Rickett presiding 


L. C. CHANG—tThe authors are to be complimented 
on their paper describing in great detail the electrolytic 
extraction of carbides in high-speed steels by two 
methods: the elaborate double citrate cell and the 
simple hydrochloric acid cell. They concluded that the 
citrate cell has the experimental disadvantage, aside 
from its complexity, that portions of the matrix of 
high-alloy steels may not dissolve during the elec- 
trolysis and that the 1:10 hydrochloric acid cell is 
simple to operate and yields quantitative results. 

We have been using a method, previously developed 
at Battelle Memorial Institute, which seems to com- 
bine the features of both methods described by the 
authors. The cell arrangement is very similar to fig. 3 
of the authors’ paper except that a 304 stainless steel 
cathode is used instead of the copper cathode, and that 
there is introduced between the anode and the cathode 
a heavy filter paper thimble to keep the anode and 
extracted carbides separated from the nascent hydro- 
gen being evolved at the cathode during electrolysis. 
The electrolyte contains 60 ¢g per liter of ammonium 
chloride and 160 g per liter of citric acid. The cells are 
operated at room temperature with a current density 
of about % amp. per sq. in. A study of the pH as a 
function of the operating time showed that the elec- 
trolyte became essentially a buffered solution with a 
pH between 2 and 3. This permitted the dissolution of 
about 15 g of sample in 24 hr with a current efficiency 
of about 90 pct. 

The chemical analyses of extractions made at two 
different times of a sample of Rex M2 analyzing C, 
0.84; Mn, 0.22; Si, 0.27; Cr, 4.08; V, 2.03; W, 6.15; and 
Mo, 4.93 are compared with those of the authors’ in 
the tabulation below. These show good agreement be- 
tween the chemical compositions of residues extracted 
by the Crucible Steel Co. method and the authors’ 
hydrochloric acid method. 


Comparison of Chemical Analyses of Electrolytically Extracted Residues from 6 W; 5 Mo; 2 V High-speed Steels 
by Two Methods 


Method Residue, Cc Mn Si 
Pet 
‘Crucible 
Steel Co. 19.2 4.24 0.17 0.57 
Crucible 
‘Sigel Cos 20.1 4.20 0.22 0.61 
Authors’ _ 21.7 3.72 


Cr Vv WwW Mo Fe Total 
7.87 8.40 27.93 21.45 24.99 95.62 
7.83 8.55 27.93 21.58 25.41 96.33 
9.34 8.05 27.3 21.4 
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The authors’ description of a metallographic method 
differentiating the following carbides: MC, M,C, M.,C,, 
is extremely interesting. We have tried the method on 
several high-speed steels, including the 18-4-1 grade. 
Annealed specimens of 18-4-1 electrolytically etched 
with 1 pct chromic acid show scattered small gray as 
well as black particles. However, diffraction patterns 
of electrolytically extracted residues from annealed 
18-4-1 fail to show the MC carbide pattern. We are not 
quite sure whether the scattered small gray and black 
particles in 18-4-1 after the 1 pct-chromic acid elec- 
trolytic etch are a true representation of the MC car- 
bide, and hope that the authors of this paper can 
offer us a satisfactory answer. 


L. C. CHANG, Research Laboratory, Crucible Steel 
Co. of America, Harrison, N. J. 


D. J. BLICKWEDE and M. COHEN (authors’ reply) 
—It is gratifying to note the agreement between our 
results and those obtained by Dr. Chang with a dif- 
ferent isolation method on another heat of M-2 high- 
speed steel. This independent confirmation lends further 
support to the significance of electrolytic extractions. 

Frank Kayser at M.I.T. has recently applied the 
etchants described in this paper to several commercial 
grades of high-speed steel, including 18-4-1, and the 
MC carbide has been found in all cases by means of 
the chromic acid (electrolytic) etch. However, the 
amount of MC in 18-4-1 is so small (1.3 pct in the 
annealed state and 0.3 pct after austenitizing at 2350°F) 
that it cannot be detected with certainty in the X-ray 
photograms of the extracted residues. On the other 
hand, the MC carbide can be detected by X rays in 
the extracted residues of steels with higher vanadium 
contents, such as 6-5-4-2, 6-5-4-4, and 0-9-4-2, and the 
chromic acid etch shows ‘correspondingly more of this 
carbide in the microstructure. 

It is more difficult to distinguish the MC carbide in 
18-4-1 than in 6-5-4-2 because the M,,C, carbide seems 
to be more readily attacked in the former than in the 
latter steel. However, a freshly prepared 1 pct chromic 
acid solution used electrolytically at 2 v yields fairly 
positive results. The MC etches quite dark with vir- 
tually no attack on the M,,C,. If the structure becomes 
somewhat overetched, the M,C, particles turn gray, 
as observed by Dr. Chang. Only the very dark particles 
are considered to be MC. 


Oriented Arrangements of Thin Aluminum 
Films on lonic Substrates 


by T. N. Rhodin, Jr. 


DISCUSSION, W. L. Fink presiding 


G. W. JOHNSON—Would the points of contact be- 
tween the probes and the film affect its nucleation, 
growth and orientation? Were the diffraction measure- 
ments made after the film was cooled to room tem- 
perature and, if so, might the cooling stresses lead to 
some disorientation? Were any of the films stripped 
and heat treated independently of the substrate or 
were they all heat treated on the substrate? 

T. N. RHODIN (author’s reply)—First of all, with 
respect to the influence of the apparatus, itself, on the 
orientation, that is, the manner of suspension of the 
specimen, there were two platinum points, in contact 
with the specimen on the outer edges, between which 
the film was deposited, giving an index of the fact that 
the film was going down. The effect of the probe as a 
point of nucleation was not investigated, specifically. 
It does not seem too likely that such point would be 
an important influence on film growth. 

With respect to the X-ray technique, the X-ray pat- 
terns were obtained at room temperature. The speci- 
mens were taken out and put into the camera. There is 
the possibility, certainly, of strain. 

However, the fact that some high degree of orienta- 


tion specific to each substrate was obtained indicates 
that the orientation was not due to the strain, but 
rather to the substrate. At least, that seems a very 
reasonable assumption. : 

Now, with regard to the X-ray technique, there is : 
a question about this method. We do not know how 
good a single crystal surface we had. You see, there 
were steps in the cleavage surface. You could get a 
group of specimens having the same counter-axis 
growing at right angles to the surface on neighboring 
steps, so that it would appear as a highly oriented film. 
It would be a highly oriented film, with one question 
remaining about the film axis. 

As far as heat treatment was concerned, no striking 
disorientation effect was observed upon cooling in 
vacuum. Most of the films were too thin to strip from 
the substrate for independent examination. 


G. W. JOHNSON, Department of Physics, Brook- 
haven National Laboratory, Upton, L. I., N. Y.; E. A. 
GULBRANSEN, Westinghouse Research Laboratory, 
East Pittsburgh, Pa. 


E. A. GULBRANSEN—Has the author studied the 
structure of the evaporated aluminum deposit using 
the electron diffraction or electron microscope tech- 
niques? Has he observed the formation of a film of 
aluminum oxide on the surface of evaporated alumi- 
num? 

T. N. RHODIN—Electron micrographs were not taken 
of the surface. As far as aluminum oxide is concerned, 
I think everyone will agree it is absolutely impossible, 
under the baking conditions we can obtain in the labo- 
ratory, to get an absolutely oxide-free surface. There 
is enough oxygen on the surfaces of this area to pro- 
duce an oxide film. The distribution of oxide in the 
aluminum film remains undefined. One might expect 
oxide particles in the metal film would promote dis- 
order. 


Kinetics of the Reactions of Zirconium 
with O2, N2, and H2 
by E. A. Gulbransen and K. F. Andrew 
DISCUSSION, M. B. Bever presiding 


J. T. WABER—In the study of the oxidation reaction 
a parabolic rate law was observed. Such a rate law 
is to be expected if the reaction is under diffusion 
control. 

Wagner and coworkers have pointed out the import- 
ance of ionic diffusion in the conduction of electricity 
through semiconductors such as halides and oxides, 
and subsequently proposed a theory for corrosion re- 
actions. Experimentally it was observed that the ionic 
conductivity is proportional to the n-th power of the 
oxygen pressure for cationically conducting oxides, 
where n is a fraction ranging from one seventh to one 
fourth. Seitz recently showed by a radioactive tracer 
method, that the diffusivity calculated from the con- 
ductivity by the usual Einstein relation agrees very 
well with that directly measured. By this reasoning 
one might expect that oxidation rate might be pro- 
portional to some such n-th power of the oxygen pres- 
sure. 

Indeed an analysis of the data presented in table III 
gave an oxygen dependence ranging from 0.3 to 0.04 
for n and slowly decreasing with scale thickness. This 
dependence on scale thickness obscures the argument 
presented above and hence the revision of the AS} 
value, that would be necessary if the diffusivity D. 
were pressure dependent, can probably be neglected. 

The effect of nitrogen pressure on the rate of re- 
action of this gas with zirconium is appreciable during 
the first half hour at 750°C but becomes obscure as the 
scale thickness increases. Therefore calculation of the 
pressure dependence of the parabolic rate constant 
from data in fig. 11 is inappropriate although investi- 
gation of this detail might be meritorious. 
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E. J. CHAPIN—Was there an assumption made that 


oxygen was not soluble in the metal at the t - 
ture of 425°C? ee 


A ea eS a 
J. T. WABER, Los Alamos Scientific Laboratory, 
Los Alamos, N. M.; E. J. CHAPIN, Naval Research 
Laboratory, Washington, D. C.; J. T. NORTON, Massa- 
chusetts Institute of Technology, Cambridge, Mass.; 
A. U. SEYBOLT, General Electric Co., Schenectady, 
N. Y.; M. B. BEVER, Department of Metallurgy, Massa- 
chusetts Institute of Technology, Cambridge, Mass. 


KE. A. GULBRANSEN (authors’ reply )—That assump- 
tion is implied in calculating the thickness of the oxide 
film. The rate data are good in spite of that assump- 
tion, as you may interpret it as grams per centimeter 
squared. We feel that the oxide, up to 425°, is not ap- 
preciably soluble, so that the calculations in terms of 
thickness are fairly good. We do not know how solu- 
ble the oxide is, however, we do see these oxide films 
on the metal after heating for a long time in vacuum 
at this temperature. 

J. T. NORTON—Is the oxide formed at the low tem- 
peratures on zirconium ZrO, or ZrO? Are there any 
determinations to be made? 

E. A. GULBRANSEN—Dr. Hickman and I have 
studied this problem and find the oxide to be mono- 
clinic ZrO, over a wide temperature range. 

A. U. SEYBOLT—What reaction occurs with CO or 
CO, on zirconium? 

_E. A. GULBRANSEN—This problem has been studied 
by Guldner and Wooten. They find that both the oxide 
and carbide are formed. This is in accord with the 
predictions of thermodynamics. 

M. B. BEVER—The diffusion of atomic hydrogen 
into zirconium is consistent with the pressure depend- 
ence of the solubility of diatomic gases in metals 
known as Sievert’s law. 

E. A. GULBRANSEN—Yes. 


Kinetics of the Reactions of Titanium 
with O2, N2, and H2 
by E. A. Gulbransen and K. F. Andrew 
DISCUSSION, M. B. Bever presiding 


W. J. MOORE—The authors state that the self-diffu- 
sion coefficient of titanium in its oxide is given by 
D = K/2, where K is the parabolic rate constant. This 
appears to be an over-simplification. The theoretical 
equation given by N. F. Mott for the rate constant is 
K = 2D (f, — f.), where f, and f, are the fractions of 
structural defects at the phase boundaries (interstitial 
ions or vacancies depending on the diffusion mecha- 
nism). In general, we do not have any quantitative 
information about f, and f,, but they usually range 
from 10 to 10”. Thus diffusion coefficients estimated 
from the relation D = K/2 may be too low by factors 
of 10? to 10°. 

In addition, the Mott equation itself is not firmly 
established. It is based on the assumption of a con- 
stant equilibrium concentration of defects at the boun- 
daries of the oxide film. Other types of boundary con- 
ditions still lead to a parabolic rate law. 

It should also be realized that “diffusion coefficients” 
estimated from oxidation rate constants would be valid 
only for the particular nonequilibrium film of oxide 
being formed in the oxidation. The coefficients in bulk 
oxide may be considerably different. In our laboratory 
we have studied the diffusion of radioactive copper in 
bulk cuprous oxide and in the oxide formed during 
copper oxidation. At 1000°C preliminary measurements 
indicate that the diffusion coefficient in the bulk oxide 
is smaller by a factor of about 20. 

E. A. GULBRANSEN (authors’ reply)—We have as- 
sumed for metals like titanium and zirconium that 
D = K/2. This is a simplification but it is not too bad 
for those oxides which have broad limits of homo- 
geneity. Thus one may obtain approximate values for 


the diffusion coefficients within a factor of 107 to 107 
of the correct value for these oxides. 

KE. J. CHAPIN—What was the original oxygen con- 
tent in the materials used for samples? 

K. F. ANDREW (authors’ reply)—We do not have 
an oxygen analysis on either the commercial or iodide 
types of titanium. Such analyses are difficult to make 
with a high degree of accuracy. 

M. B. BEVER—Kelley’s Bulletin on the thermo- 
dynamic properties of nitrides contains an equation 
for the decomposition pressures of titanium nitride. 

E. A. GULBRANSEN—That is quite correct. There 
is an equation, and the decomposition pressures can be 
calculated. However, there is some question about cer- 
tain of the present thermal data, so in our own calcu- ~ 
lations we have limited ourselves to 800°C. 

H. HIRSCH—tThe solubility of hydrogen in titanium 
vs. temperature curves indicates that the solubility in- 


~ creases with increasing temperature. In many hydro- 


gen-metal sytems, generally the total solubility in- 
creases as the temperature is lowered. Were any sam- 
ples heated to a high temperature, saturated with 
hydrogen, and then held at lower temperatures to de- 
termine the maximum solubility vs. temperature? 
Such a procedure often avoids interference from ob- 
structing surface films. 


W. J: MOORE, Catholic University, Washington, D. C.; 
E. J. CHAPIN, Naval Research Laboratory, Washington, 
D.C.; M. B. BEVER, Department of Metallurgy, Massa- 
chusetts Institute of Technology, Cambridge, Mass.; H. 
HIRSCH, General Electric Co., Schenectady, N. Y.; 
J. T. WABER, Los Alamos Scientific Laboratory, Los 
Alamos, N. M.; W. A. ALEXANDER, National Research 
Council, Ottawa, Ont., Canada. 


E. A. GULBRANSEN—We have not made solubility 
experiments of hydrogen in titanium. This has been 
done by others. Our interest is chiefly in the rate of 
reaction. Here the effect of temperature is to increase 
the rate at which hydrogen is taken up by the metal. 

J. T. WABER—I would like to point out a minor im- 
provement that the authors might make. Their rate 
expression is 


K 2KT : (ea AE* ) 1] 
OTe ERG RTS 
which can be written in the logarithmic form 
AE*\ 1 
= fe (eee | ee 2, 
In K = InA+I1n ( 5 ee [2] 


wherein A has been appropriately defined to include 
the constant terms of eq 1. The authors have plotted 
the function In K against (1/T) to obtain the energy 
of activation AE* from the slope. It is apparent that 
this procedure is equivalent to neglecting the second 
term on the right hand side of eq 2. A preferable pro- 
cedure would be to plot the function In (K/T) against 
the reciprocal of the absolute temperature. 

In recent experiments on the oxidation of “iodide” 
titanium by air, a considerable weight loss occurred 
that is unaccounted for. During the period of the 
weight loss, appreciable thicknesses of an oxide film 
developed, as was indicated by the interference colors. 
A summary of pertinent data follows. 


Elapsed Total Wt. 
Sample Temp, Time, Loss, 
No. °C Hr Micrograms 
1 220 40.5 1,049 
2 250 43.5 674 
3 320 . 43.5 730 
1A 220 540. L3e3l 
2A 250 1451. 159 
3A 320 1451. 56 
1AA ; 320 898 252 (Gain) 
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The repeated runs 1A, 2A and 3A were polished dry 
to eliminate the possibility that the weight loss was 
due to adsorbed moisture. Even in a short time, the 
oxide thickness was appreciable. In run No. 3, the 
oxide was 390 A thick at the end of 43 hr. Further in- 
vestigation has revealed that this weight loss behavior 
can be prevented by adequate vacuum treatment, but 
the constituent has not been identified. 

In a discussion of TP 2659 by the same authors I 
pointed out that a pressure dependence of reaction 
rate might be expected to lie in the range of the one 
fourth power of the oxygen pressure. Such a predic- 
tion was based on the semitheoretical ideas of Wagner 
concerning semiconductors such as oxides and halides. 
Analysis of the data in fig. 4 leads to the rate expres- 
sion 

ISOs 


wherein n = 0.33 for scale thicknesses corresponding 
to the conclusion of the experiment, and this exponent 
seems to hold over the complete range of thickness 
investigated. 

A small revision of the entropy of activation is neces- 
sary as the theory of absolute reaction rates is based 
on specific rate constants such as k rather than K. The 
choice of 1 atm of pressure appears to be a satisfactory 
standard state to simplify the dimensions of the con- 
stant k. Thus P can represent the reduced pressure of 
the absolute partial pressure p divided by 1 atm. The 
comparison of the entropy of activation with those 
calculated by construction of a model could be facili- 
tated by expressing k in the units of mols reaction per 
square centimeter per second instead of the units 
herein employed. 

EH. A. GULBRANSEN—Dr. Waber’s point about plot- 
ting In K/T instead of In K is well taken, and will be 
employed in the future. For most cases the change in 
the temperature T is small compared to changes in 
In K. A similar energy of activation would be cal- 
culated from either plot. 

We have heated one of Dr. Waber’s samples in high 
vacuum over a wide temperature range and find no 
unusual béhavior. The weight loss observed in Dr. 
Waber’s measurements must be attributed to material 
evolved on evacuating and heating to 300°C. 

We do not feel that the vacuum microbalance is 
the most desirable instrument for measuring pressure 
effects on reaction rates since convection currents are 
present in the system due to temperature differences. 
Unless great care is exerted it is difficult to separate 
gas flow effects due to convection currents and their 
pressure dependency from the pressure effect. This we 
have not done. 

We prefer to express our data in terms of diffusion 
theory since this gives us a chance to compare with 
diffusion data from other types of systems. 

W. A. ALEXANDER—What was the nature and’ 
quantity of the gas pumped out in the early part of 
the experiments? 

K. F. ANDREW—tThe gas given off is rather small 
and thus it is difficult to analyze even by mass spectro- 
meter techniques. We have no evidence of the compo- 
sition of these gases. 


The Lattice Parameters of High Purity 
Alpha Titanium; and the Effects of 
Oxygen and Nitrogen on Them 
by H. T. Clark, Jr. 
DISCUSSION, B. W. Gonser presiding 


E. S. GREINER—Impurities such as those present in 
this titanium (footnote of table III) will affect the size 
of the unit cell. Iron, silicon, and aluminum probably 
enter the close-packed hexagonal lattice of titanium in 
a substitutional manner because of similarity in the 
atomic radii. Since the radius of each of these metallic 


impurity atoms is smaller than that of titanium, the 
size of the unit cell should be decreased by their pres- 
ence. I wish to ask the author if-he has any informa- 
tion concerning whether this reduction in size of the 
unit cell will affect the values of a. and Co, or only that 
of c., as was found for the impurities, oxygen and 
nitrogen, which are probably interstitial. 

B. W. GONSER—The value of c. referred to in the 
second footnote of table I was from a single determina- 
tion, incidental to work on properties other than lat- 
tice parameters. Filings of iodide titanium (made under 
the same conditions as were used in making the ti- 
tanium for Mr. Clark) were sealed in a hole drilled in 
a section of iodide titanium rod and vacuum annealed 
before X-ray examination. The powder easily could 
have become contaminated in processing, and we 
readily agree that the use of sheet specimens would 
be better. Mr. Clark’s method of preparation probably 
could have been improved also, by merely cold rolling 
the iodide titanium rod as received, and vacuum an- 
nealing, in place of melting, rolling, annealing, surface 
grinding, and annealing again. Every operation adds 
to the risk of contamination. 


E. S. GREINER, Bell Telephone Laboratories, New 
York, N. Y.; B. W. GONSER, Battelle Memorial Insti- 
tute, Columbus, Ohio. 


H. T. CLARK (author’s reply)—Determinations of 
the parameters of titanium-aluminum alloys have 
shown that both the a. and c. values of the alpha phase 
are decreased by the addition of aluminum. No de- 
terminations have been made on systems containing 
the other two elements about which Dr. Greiner asked. 

Two X-ray samples have been prepared directly 
from the iodide rod by cold rolling as suggested by 
Dr. Gonser. The parameters of these samples were not 
significantly different from those reported in table III. 


The Effect of Oxygen, Nitrogen, and 
Hydrogen on lodide Refined Titanium 


by R. I. Jaffee and I. E. Campbell 
DISCUSSION, B. W. Gonser presiding 


E. A. GULBRANSEN—Should the hardness data be 
represented as single points or would it be better to 
give the range of values observed? 

R. I. JAFFEE (authors’ reply )—Dr. Gulbransen raises 
a very good point. It certainly is true for large grained 


‘alpha titanium. In large grained titanium there are 


orientation effects from the various grains insofar as 
hardness is concerned. The alloys are somewhat dif- 
ferent. Orientation effects are generally greatest in the 
as-deposited iodide titanium. The specimens in this 
work had received about 90 pct cold-reduction before 
being annealed and recrystallized. Therefore, orienta- 
tion effects should be minimized. I would say that, in 
this case, average hardness is satisfactory. 


E. A. GULBRANSEN, Westinghouse Research Lab- 
oratories, East Pittsburgh, Pa.; A. U. SEYBOLT, Gen- 
eral Electric Co., Schenectady, N. Y. 


A. U. SEYBOLT—In connection with the remarks on 
the Widmanstatten structure, it might be pointed out 
that some recent Russian work has shown that there 
is a martensite transformation possible in cooling from 
beta to alpha zirconium. The type of structure shown 
in the micrographs might suggest such a transforma- 
tion mechanism in the specimens used by Jaffee. 

Also, the fine grained Widmanstatten structure 
shown in the zirconium-nitrogen alloys might be due 
to the effect of nitrogen on the kinetics of the beta > 
alpha transformation. Nitrogen might lower the trans- 
formation temperature enough so that nucleation of 
alpha occurs at a lower temperature than in the pure 
metal. Since more alpha nuclei would be present when 
formed at a low temperature, a fine grained structure 
would be expected. 
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R. I. JAFFEE—There undoubtedly is martensitic 
transformation when titanium is quenched fast enough. 
The rate of cooling in this case was slow enough that a 
true Widmanstatten arrangement of plates was ob- 
tained. In connection with Dr. Seybolt’s remarks on 
the cause for the finer plates in the nitrogen-contain- 
ing alloys, I agree, completely, with him. 


Preparation and Casting of Beryllium Melts 


by J. G. Kura, J. H. Jackson, M. C. Udy, 
and L. W. Eastwood 


DISCUSSION, H. Y. Hunsicker presiding 


K. J. BOYLE—Were any analyses made of impurity 
content, especially carbon? 


L. W. EASTWOOD (authors’ reply)—As reported in 
the paper, the impurities found in remelted virgin 
beryllium were 0.10 pct Al, 0.06 pct Si, 0.10 pct Fe, 
< 0.05 pct Mg, and only traces of other elements. Metal- 
lographic examination revealed just a few carbides 
which indicated the metal had relatively low carbon 
content. The actual carbon content may be as high as 
0.05 pct. Analytical methods for carbon were not so 
precise as desired. Presence of carbide has been found 
in samples reported to contain 0.005 pct carbon. 


~ §. J. MORANA—To your knowledge, is there any 
evidence of diffusion of oxygen and/or nitrogen in 
metallic beryllium? I refer to a true diffusion similar 
to that reported in experiments conducted with metal- 
lic titanium. 

L. W. EASTWOOD—We gave a lot of thought to this 
problem, because it does have a very real bearing on 
the problem of unsoundness in the beryllium castings. 
Particularly, gas solubility in the liquid is important. 
We were unable to show any evidence of solubility of 
oxygen in beryllium. However, there may be some 
solubility of oxygen in the liquid or solid beryllium. 
We did not have any evidence of solubility of nitrogen 
in solid beryllium, but we do have distinct evidence 
that nitrogen is soluble in beryllium melts. 


A. HILLER—What were the maximum densities ob- 
tained for fairly sound castings? What safety precau- 
tions were taken in handling beryllium or in disposing 
of the argon atmospheres? 


E. J. BOYLE, Oak Ridge National Laboratory, Oak 
Ridge, Tenn.; S. J. MORANA, Clifton Products, Inc., 
Painesville, Ohio.; A. HILLER, General Electric X-Ray 
Corp., Milwaukee, Wisc. 


L. W. EASTWOOD—We did not measure any densi- 
ties of the beryllium. One would have to be reasonably 
careful in measuring the density of beryllium, because 
it would be enormously affected by the composition. 
Because of the low density of the beryllium, any heavy 
metallic impurities will have a-very substantial effect 
on density. The unsoundness that we encountered was 
entirely that of shrinkage if it was inadequately fed, 
or fairly large gas or blowholes if the gas was exces- 
sively high in the melt. Both are readily visible and 
density measurements do not appear necessary. 

I would suspect that difficulties with leakage in 
beryllium would be a result of poor feeding. 

Careful attention should be paid to the attainment 
of proper temperature gradients in the casting at the 
time it is poured. 

The hazard involved in handling beryllium is, of 
course, a fairly complex question, entirely out of my 
field. I would say that anyone who is handling beryl- 
lium, or contemplates handling beryllium, should be 
thoroughly familiar with this problem. There is a lot 
of information on it, and I believe it is obtainable 


through the A.E.C. 


Metallographic Examination of Beryllium 
Alloys 


by M. C. Udy, G. K. Manning, and L. W. Eastwood 
DISCUSSION, H. Y. Hunsicker presiding 


H. S. KALISH—We found that all phases in the 
beryllium-zirconium system could be identified using 
polarized light almost exclusively. Alloys with 5 or 10 
pet Zr, lightly etched with 5 pct HF, were similar to 
that shown in fig. 22 and could be seen equally well 
unetched with polarized light. When properly polished, 
the beryllium matrix grains are clearly visible in po- 
larized light, and the more arduous preparation de-~ 
scribed by the authors can be avoided. 

W. A. ALEXANDER—In studying the recrystalliza- 


__tion of beryllium, we found and reported previously 
that new grains, invisible in ordinary light, were shown 


more clearly in polarized light. 


H. S. KALISH, Sylvania Electric Products Inc., Bay- 
side, L. I., N. Y.; W. A. ALEXANDER, National Re- 
search Council, Ottawa, Ont., Canada. 


M. C. UDY (authors’ reply)—Of course, we recog- 
nized the usefulness of polarized light in examining 
beryllium specimens. This has been used for quite a 
long time. The M.I.T. work described this method 
quite fully. However, since the “arduous” preparation 
described by the authors consisted of obtaining a 
proper polish, it is hard to see how use of polarized 
light could avoid anything but our simple etching 
procedure. I am happy to hear from Mr. Kalish that 
the 5 pct zirconium alloy of ours looked much the sam 
as did his. : 


Kinetics of the Austenite ~ Martensite 
Transformation 
by J. C. Fisher, J. H. Hollomon, and D. Turnbull 
DISCUSSION, A. E. Nehrenberg presiding 


L. D. JAFFE—The authors assume that the nuclei 
or embryos from which the martensite needles grow 
are not coherent with the parent austenite lattice, 
otherwise the embryos would not persist long enough 
to nucleate the martensite at the proper temperature. 
They assume, on the other hand, that the martensite is 
coherent with the austenite after it is grown. This 
divergency is explained on the basis that the advanc- 
ing martensite front leaves behind it dislocations 
which were originally at the martensite-austenite inter- 
face. It would seem equally reasonable for the aus- 
tenite to advance into the embryos, leaving behind 
dislocations, and at the same rate. That rate is very 
fast and the embryos would not remain in their high 
temperature distribution during quenching, so that 
they would not be available to nucleate the martensite 
at the proper temperature. 


L. D. JAFFE, Watertown Arsenal Laboratory, Water- 
town, Mass. 


J. C. FISHER (authors’ reply)—The question raised 
related to the exact sort of embryo that was assumed 
to be retained during quenching from the austenitizing 
temperature. There are a number of possibilities. The 
one mentioned in the paper was that a little particle 
of noncoherent ferrite in a carbon-free region could 
be retained during quenching. This, however, is not a 
necessary picture, and we now feel that another pos- 
sibility is more likely, although I do not believe it was 
so stated in the paper. Certainly if there are carbon- 
free regions in the austenite, these regions will per- 
sist during quenching because it takes the carbon a 
relatively long time to move by diffusion. Little co- 
herent martensite plates will form and disappear by 
thermal motion in such carbon-free regions during 
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quenching, until finally during cooling a little plate 
forms that can persist (the critical size decreases at 
lower temperatures) in carbon-free austenite—in other 
words, in pure gamma iron—so that it remains in the 
carbon-free region until the Ms temperature is reached 
and the platelet can grow out and fill the specimen. 

We now feel that it is more likely that the mar- 
tensite nucleus arises in this way, by little martensite 
platelets flicking in and out during quenching until 
the temperature gets low enough so the last platelet 
formed will persist on down to the Ms temperature or 
below. The arguments that led us to come to this con- 
clusion were substantially the arguments that Dr. Jaffe 
has just presented. 


The Free Energy Change Accompanying the 
Martensite Transformation in Steels 
by J. C. Fisher 
DISCUSSION, G. M. Cover presiding 


P. K. KOH—In these calculations, is the variation 
in the pressure resulting from the volumetric change 
during the martensitic transformation considered? 

B. L. AVERBACH—The author has presented a 
thermodynamic treatment of the martensite trans- 
formation if it is considered as a process of nucleation 
and growth. Cohen and Paranjpe have presented an- 
other thermodynamic treatment of the same trans- 
formation considered as a process of nucleation and 
shear. A main point of difference in these two views 
comes in deciding whether tetragonal martensite or 
cubic martensite is the thermodynamically stable struc- 
ture. The author assumes that the tetragonal form is 
the stable one, whereas the other authors have de- 
cided in favor of the cubic form. This point would best 
be answered experimentally and it is hoped that some 
experiment can be devised to test these hypotheses. 


P. K. KOH, Allegheny Ludlum Steel Corp., Brecken- 
ridge, Pa.; B. L. AVERBACH, Massachusetts Institute 
of Technology, Cambridge, Mass. 


J. C. FISHER (author’s reply )—First of all, to reply 
to Dr. Koh, the pressure was completely ignored in 
the analysis. The fact that martensite particles are 
plates, and can pry the austenite apart fairly easily, 
suggests that the influence of pressure would be con- 
siderably less than if the particles formed as spheres. 

In reply to Dr. Averbach, I think there is evidence 
that the tetragonal form of martensite, when it is ob- 
served, is more stable than the cubic, and the evidence, 
briefly, is this. When one looks at martensite it is 
tetragonal, and it remains so at temperatures where 


we know that carbon moves around rapidly. At room - 


temperature, for example, carbon stays in any given 
interstitial position only about 1 sec. 

One would think if the cubic form were the more 
stable, transformation to cubic martensite would occur 
in a matter of seconds. The fact that it stays tetragonal 
for relatively long times suggests strongly, I think, 
that the tetragonal form is the more stable one. 


The Transformations in 6-CuAl Alloys 
by E. P. Klier and S. M. Grymko 
DISCUSSION, J. C. Fisher presiding 


D. J. MACK—It is to be expected that as one departs 
from the eutectoid composition in either direction there 
will be some changes in the decomposition of the 8g, 
but the changes which occur may be less complex than 
indicated in this paper. Since this system shows a 
ready tendency to form metastable or transition phases, 
particularly supersaturated phases, it is logical to ex- 
pect the greatest departure from customary eutectoid 
behavior in the hyper-eutectoid direction. The right- 
ward shift in the diagram with increased cooling rate 


proposed by Smith and Lindlief? to account for the 
precipitation of supersaturated a indicated that alloys 
up to about 12.8 pct Al should transform similarly to 
the eutectoid alloy. Koch? and Gridnew*‘ agreed on the 
value of 12.8 pct Al. Fig. 33 shows the structure of a 
high purity alloy containing 12.47 pct Al transformed 
20 hr at 400°C. The structure, consisting of pre-eutectoid 
Widmanstatten a and pearlite, is essentially the same 
as that of a eutectoid alloy transformed at the same 
temperature-time. Fig. 34 shows a hyper-eutectoid 
alloy containing 12.75 pct Al which was also trans- 
formed 20 hr at 400°C. The structure consists of pre- 
eutectoid y, and pearlite in the untransformed matrix. 
This alloy, although containing only 0.30 pct Al more 
than that shown in fig. 33, is clearly hyper-eutectoid 
and has what might be termed a “normal” hyper- 
eutectoid structure. This means that the metastable 
eutectoid composition postulated by Smith and Lind- 
lief, Koch, and Gridnew actually lies between 12.47 
and 12.77 pet Al—in good agreement with their value 
of 12.8 pct Al. 

The authors have shown that the character of the 
decomposition of 8 undergoes a marked change when 
the aluminum content is further increased to 13.5 pct— 
departing radically from normally expected hyper- 
eutectoid behavior. One is reluctant to give up the 
idea of structural analogy in similar alloy systems. 
Figs. 35, 36, and 37 indicate that this structural analogy 
may still be valid in the copper-aluminum system. The 
alloys shown in these three micrographs were all trans- 
formed isothermally 20 hr at 400°C. Fig. 35 shows 
pearlite in an alloy of 9.22 pct Al, fig. 36 in an alloy 
of 10.66 pct Al. 

It is true that the pearlite in figs. 35 and 36 is not 
uniformly lamellar but this is apparently because the 
Spacing of the martensite ~’ needles is of the same 


_ order of magnitude as the spacing of the pearlite which 


would normally form at this temperature. Conse- 
quently, the p’ interferes with the development of uni- 
form lamellar pearlite. There are many times when 
the pearlite in steel is not uniform® and yet we do not 
hesitate to call it pearlite. Actually, it is rather amaz- 
ing that pearlite appears in these aluminum bronzes 
at all when one considers the complex parent phases 
from which it forms. Fig. 37 shows lamellar pearlite 
in an alloy of 15.16 pct Al. The £B in this alloy seems 
to decompose in a manner similar to that described by 
the authors for their 13.5 pct Al alloy, but ultimately 
ends up as pearlite. It seems the situation for this 
hyper-eutectoid alloy is analogous to the isothermal 
decomposition of 6 in the hypo-eutectoid alloys below 
the nose of the T-T-T curve. In both cases the £ trans- 
forms to an intermediate structure which in turn trans- 
forms to pearlite. These intermediate structures are 
different in the hypo and hyper-eutectoid alloys. 
Since the structures shown in figs. 34 and 37 have 
extensive pre-eutectoid y, one wonders why it appears 
in these alloys but not the 13.5 pct Al alloy. It seems 
illogical that differences in ‘“austenitizing” tempera- 
ture, atmosphere, salt bath or prior thermal and me- 
chanical treatment could account for the observed dif- 
ference. We know that iron in aluminum bronzes alters 
the appearance of the transformation products and 
perhaps even the mechanism of transformation. Do 
the authors have information on the iron content of 
their alloys? Such data may reconcile the differences. 


Des: MACK, Department of Metallurgical Engineer- 
ing, University of Wisconsin, Madison, Wisc. 


iP EA SE a ca ti ND NSW SEER AAS BURY EE 

E. P. KLIER (authors’ reply)—We are hesitant to 
attach significance to the concept of “metastable eu- 
tectoid composition” which Dr. Mack associates with 
transformation phenomena in this system, largely be- 
cause it finds no analogue in the more thoroughly 
studied iron-carbon system, where the “metastable eu- 
tectoid composition” shifts in the direction of both 
high and low carbon contents. 

In discussing the structures. which Dr. Mack pre- 
sents in support of the concept of “metastable eutectoid 
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composition,” it is pointed out that an inconsistency 
with our data has not been certainly shown to exist. 
We have treated no specimens which could be com- 
pared to those discussed by Dr. Mack, nor has he re- 
ported results which can be properly compared to the 
data which we have reported. The temperature interval 
425° to 375°C which we did not cover may be par- 
ticularly revealing. 

Finally, it is pointed out that our work leans heavily 
on the X-ray data reported, and structures have been 
identified and correlated, insofar as possible, by means 
of these X-ray data. This leads to a deviation from 
Dr. Mack’s identification of microstructures. The X-ray 
data, however, while offering no conflict with the 
metallographic results, have allowed the determination 
of the crystal structures involved in the course of de- 
composition of the 6 phase, and therefrom the discus- 
sion of a possible mechanism whereby this decomposi- 
tion is achieved. These data have already been fully 
discussed. 
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Transformation of Gamma to Alpha 
Manganese 


by E. V. Potter, H. C. Lukens, and R. W. Huber 
DISCUSSION, G. Edmunds presiding 


R. O. WILLIAMS—tThe authors are to be congratu- 
lated on carrying out an excellent program of research 
on a fundamental problem of such wide interest. It 
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Figs. 33-37— Aluminum bronze 
containing varying amounts of Al, 
Fe, Ni, and Mn. 


X1000. All specimens etched electro- 
lytically in 1 pet chromic acid. Isother- 
mally transformed 20 hr at 400°C. 


Fig. 33—12.47 pet Al 0.03 pct Ni, and 
trace Fe. Suspersaturated Widmanstatten 
a and pearlite. 


Fig. 34—12.75 pet Al, 0.21 pct Fe. Pre- 
eutectoid yz along old 8 grain boundary 
(bottom of picture) and pearlite. 


Fig. 35—9.22 pet Al, 0.15 pet Fe, and 0.02 
pet Mn. Massive pre-eutectoid a, tem- 
pered f’ partially transformed to pearlite. 


Fig. 36—10.66 pct Al, 0.17 pet Fe, and 
0.02 pet Ni. Tempered §’ and pearlite. 


Fig. 37—15.16 pet Al, 0.07 pct Fe. Mas- 
sive pre-eutectoid 2, and the transition 
structure partially transformed to pearlite. 


would seem that their method of following the reac- 
tion was simple, accurate experimentally, and, in gen- 
eral, very satisfactory. It is, however, doubtful that 
their first equation, 


R=aRgtyRy [12] 
is accurate. 
A more general equation has been derived giving 


the following form: 
[13] 


All the terms have the same meaning as in the paper. 
The new term, y, is what might be called a geometric 
factor considering the possible geometric arrange- 
ments for two phases and having a possible range of 
values from @ to 1. It will be found that for y a 
the equation simplifies to 


R=aR,g + (l—a)R [14] 
which is the same as eq 13 since it is assumed that 
y=1—a [15] 


This equation can be interpreted by thinking of the 
direction of current being perpendicular to a series of 
plates of the two different phases. It will be found 
that this gives the highest possible value for the re- 
sistivity of a solid two-phase mixture. 

When y has its maximum value, 1, the equation re- 
duces to the following form: 


Rai Ry 
Bia RO Pa oe 


This form can be viewed as the resistance measured 
by having the current flow parallel to a series of plates 
of the different phases. It will be found that this gives 
a minimum value for resistivity for any composition. 

Eq 13 does not consider the possible effect of grain 
size, internal stresses, or possible discontinuities in the 
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metal. The equation is not implicit since it gives no 
value for y. However, a value of y suggested in the 
method of derivation is «'/*. There is no reason to 
believe that a more accurate expression for y could 
be expressed as simply as 

(=e DOS wee [17] 
From a casual observation of the problem, it is be- 
lieved that the most important influence on the possi- 
ble values of y would be the geometry of the two 
phases. This would include what might be called pre- 
ferred orientation as regards to both crystallographic 
directions and grain shape. Grain size might be very 
important as evidenced by the increase in the re- 
sistivity of metal being cold-worked. The easiest solu- 
tion to this dilemna would then seem to be experi- 
mental work if possible. A more exacting calculation 
might be made, but this would seem to require 
knowledge not generally known, as well as difficult 
calculations as involved in similar problems. Even 
this would need some experimental backing. 

Table XIV has been included to show the magnitude 
of differences between the values as obtained by eqs 
12 and 13 using a value of y = a’/* for the data ob- 
tained at 140°C. Plotting log a/y, as determined by the 
modified equation, revealed that there was greater 
deviation from a straight line than before. The foot 
of the curve was flatter and longer than before, and 
the top of the curve bent down somewhat. While the 
value of log a/y was greater at the start, its rate of 
increase was less, hence the flatter the toe to the 
curve. No modification of the rate equation was at- 
tempted. However, the graph of log a/y resembled 
that expected from a phase transformation where the 
rate of nucleation is proportional to the untransformed 
volume; and the rate of transformation is propor- 
tional to the surface area between the two phases. 


Table XIV. Comparison of Values of Transformed 
Volume Based Upon Eqs 12 and 13 for 140°C 


R* Eq 12 Eq 13 Boos 
73.1 0.00 0.00 0.00 
84.4 0.10 0.16 0.06 
96.0 0.20 0.312 0.112 
97.4 0.30 0.444 0.144 
118.8 0.40 0.560 0.160 
132.7 0.50 0.680 0.180 
142.0 0.60 0.751 0.151 
153.4 0.70 0.826 0.126 
164.8 0.80 0.890 0.09 
176.2 0.90 0.950 0.05 
187.6 1.00 1.00 0.00 


* Note that the values for Ra and Ry were taken as the values 
best fitting the equations as presented in the paper. 
7 Values based on y = al/3. 


J.T. WABER—A plot of the logarithm of the reaction 
rate constant K against the reciprocal of absolute 
temperature does not permit the calculation of the 
free energy of activation, AF.t The slope of this line 
is the energy AE} or AHt since the ASt occurs in the 
temperature independent terms of eq 11. The authors 
are to be complimented on the use of the accurate 
expression log (K/T) rather than log K for the 
ordinate although the latter is more common because 
log T varies very slowly in comparison with the other 
terms. Therefore AE}{ is 21.1 kcal. 

In closing, I wonder if the authors have considered 
the possibility of a mechanism involving consecutive 
reactions, such as y> x—> a, wherein x is a transigent 
phase. The percentage transformation curve, fig. 1, 


R. O. WILLIAMS, Oak Ridge National Laboratory, 
Oak Ridge, Tenn.; J.T. WABER, Los Alamos Scientific 
Laboratory, Los Alamos, N. Mex.; P. LAURENT and 
M. BATISSE, Ecole Centrale, Paris, France; R. W. 
HUBER, U. S. Bureau of Mines, College Park, Md. 


lis: «302 1402 {502% \602 
Fig. 6—Fraction of alpha transformed plotted as a 
function of the log time. 


looks like those which are observed for such a chain 
of reactions. 

P. LAURENT and M. BATISSE—The allotropic 
transformation data may also be interpreted by the 
theory of Johnson and Mehl.' If the fraction of alpha 
transformed is plotted as a function of the log time, a 


8 W. A. Johnson and R. F. Mehl: Reaction Kinetics in Processes of 
Nucleation and Growth. Trans. AIME (1939) 135, 416. 


series of superimposable curves is obtained transposed 
along the log-time axis. These are shown as the experi- 
mental points in fig. 6 together with the curves of 
Johnson and Mehl fitted at the half-transformation 
points. (For the convenience of plotting, the points 
from table XIII have been reduced by an equal arbi- 
trary amount which does not change the shape of the 
plots.) In general the points fit the curves particularly 
at 40°, 58°, and 115°. The deviations at the four highest 
temperatures may be because the time of heating the 
specimens to the transformation temperature may not 
be negligible compared to the transformation time. The 
deviations at 20° and 25° may be the result of heating 
the specimens to 30° during electrolytic deposition. 
Other deviations may be because the rates of nuclea- 
tion and growth are not constant during the trans- 
formation. It is believed that the manganese had a 
preferred orientation as a result of electrolytic deposi- 
tion so that anisotropic growth caused deviations from 
the theory. Can the authors describe the texture of 
their electrodeposited manganese? 

R. W. HUBER (authors’ reply)—Mr. Williams’ rela- 
tion, eq 13 for the resistance of a two phase alloy is 
very interesting. It could well be a more accurate 
representation of the resistance than the authors’ re- 
lation if the factor y can be determined accurately. 
The authors’ relation is obviously too simple but it 
can be handled mathematically quite readily and rep- 
resents the data surprisingly well. 

The possibility of an intermediate phase occurring 
in the transformation from gamma to alpha manganese 
was considered. It might be expected that beta 
manganese would be present at some time but no 
evidence of this phase was ever found. 

The interest shown by Messrs. Laurent and Batisse 
in this work is very gratifying. It was the authors’ 
hope in presenting this data that others might be in- 
terested in interpreting it. The material used in these 
tests is described in a paper by Schlain and Prater? 
It is suggested that information relative to the prepara- 
tion and structure of the manganese sheets used in 
these tests be obtained from this source where a com- 
plete description is available. 
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Metallurgy Behind the Decimal Point 


by Earle E. Schumacher 


Institute of Metals Division Lecture 


N a laboratory devoted to the furtherance of the 

science of communication, the breadth and vari- 
ety of the problems encountered are challenging to 
‘a metallurgist. In my own long association with the 
Bell Telephone Laboratories, our metallurgical 
group has dealt with a vast number of alloys, both 
ferrous and nonferrous, and with many materials in 
the border range of metallic properties. The ob- 
jectives of our design engineers embrace every 
phase of telephony, and the properties they desire in 
metals are generally unusual, frequently unique, 
and often conflicting. Commercial alloys have not 
always been available with properties to meet a 
special requirement in the telephone plant, and 
many alloys have had, therefore, to be custom-made. 

Anyone who has had the opportunity to observe 
' the results of tests of all types on numerous such 
alloys, both commercially and specially produced, 
or who has taken part in the development of an 
alloy of some necessary, but new or unusual com- 
bination of properties, could not fail to be impressed 
by the frequency with which a desired goal has 
been reached or adequately approached through the 
presence of decimal quantities of alloying elements. 
Nor could one fail to be struck by the occasions 
when, conversely, removal of a minute amount of 
impurity element has rendered an alloy useful. 

It is no exaggeration to state that the content be- 
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hind the decimal point often spells success or fail- 
ure, and the critical content is sometimes far to the 
right of the decimal point as I shall later illustrate. 

The great effects of small additions have long 
been recognized and have, in fact, been described 
by many investigators. The importance of the 
minute, however, cannot be overemphasized. There- 
fore, in this discussion, I propose to illustrate for 
you some of the startling instances, drawn pri- 
marily from our own experiences, wherein small, 
even vanishingly small, proportions of stranger ele- 
ments in otherwise common aggregates have com- 
pletely changed the customary pattern of behavior. 

No one property has a monopoly as to being dis- 
proportionately affected by minor elements. Nearly 
all properties are affected, but there is time here to 
include only a selected few. I have chosen, there- 
fore, three of general interest: strength, magnetic, 
and electrical properties. I shall inquire into both 
the mechanisms and consequences of these dispro- 
portionate effects and try to share with you the 
fascination and challenge of this field. 


Strength Properties of Lead and Lead Alloys 


To illustrate the effect of the minute on strength 
properties I have selected lead and its alloys, with 
which we have worked extensively for many years. 
Lead has the advantages of being available in quan- 
tity in a state of high purity and of being fairly 
easy to melt and fabricate without contamination 
to any extent detectable by the spectrograph. It 
has the interesting disadvantages of recovery and 
recrystallization at room temperature. Whether I 
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Fig. 1—Effect of heat-treatment temperature on 
the tensile strength of severely cold-rolled high- 
purity lead. 


should use the term “recovery” at all is perhaps 
questionable, considering that for lead, working at 
room temperature is the equivalent of hot working 
for most industrial metals. It is, for example, un- 
certain that we can produce in lead any substantial 
residual stresses that persist for an appreciable time. 
In any event, what we normally consider recovery 
effects are masked by the predominance of recrystal- 
lization at room temperature, and I shall use the 
term recrystallization in what follows to denote 
both nucleation and grain growth, and, as well, any 
“recovery” which may have had opportunity to oc- 
cur. The recrystallization variable requires that one 
apply meticulous attention to all details in fabrica- 
tion and testing to avert unpleasant surprises in the 
form of seemingly unorthodox behavior. On the 
other hand, there is presented an excellent oppor- 
tunity to observe some fascinating phenomena. 


‘High-purity Lead: Before proceeding to a con- 
sideration of the effects of small additions it is 
desirable to examine the strength characteristics of 
the commercial high-purity lead that was used in 
these studies. This lead has a purity of 99.998 pct, 
no other metallic element being present in amount 
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Fig. 2—Stress-strain characteristits of high-purity — 
lead. 


exceeding five ten-thousandths of one percent. When 
an attempt is made to anneal cold-rolled pure lead 
at moderate temperatures, its tensile strength is in- 
creased and not, as might have been expected, de- 
creased. This is shown in fig. 1, where tensile 

strength, after 83 pct reduction, is given as a func- 
tion of temperature of heat treatment. The strength 
rises to a maximum for a 130°C treatment, then 
falls off. The peak suggests an optimum aging 
temperature such as is usual under conditions of 
precipitation hardening. However, the response to 
other heat treatments attempted in pursuit of such 
a mechanism fails to indicate that any such occurs 


here. 


STRESS 


ee ee 


Fig. 3—Grain structure of the identical area of a 
severely cold-rolled pure lead sample photographed 
during the progress of a tensile test. 


8. Area reduced approximately three quarters in 
reproduction. 


Clues as to the reason for this unusual strengthen- 
ing on annealing a pure material were found only 
when a detailed study was made of the tensile prop- 
erties of lead both as rolled and as heat treated 
after rolling. The information is presented as con- 
ventional stress-strain curves, that is, not converted 
to true stress and true strain, for on making the 
conversion for all these curves no differences sig- 
nificant to those conclusions which I have time to 
give at the present were obtained. However, one does 
detect by the conversion further phenomena which 
I hope we may bring to you in the near future. 

In the first set of these, fig. 2, the middle curve, 
for cold-rolled lead, shows that it strain hardens 
continuously up to 13 pct extension, after which it 
softens as shown by the dip in the curve. No such 
softening is indicated in the other two curves which 
represent the behavior of the rolled lead after heat 
treatment at a moderate and at a higher tempera- 
ture. The jagged nature and low maximum stress 
shown by the lowest curve result from the large 
grain size produced by the high-temperature treat- 
ment. The grains grew so large that a few individual 
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crystals occupied a dominant portion of the sample 
cross-section. 

The drop in stress, or softening, on extending the 
rolled lead (the middle curve again) might reason- 
ably suggest recrystallization. This time, lead does 
the reasonable. An analogous sample was etched 
continuously and periodically photographed on the 
same area in the course of the tensile test. The suc- 
cessive grain structures revealed in this area are 
shown in fig. 3 and correspond to the adjacent loca- 
tions on the stress-strain curve. Definite recrystal- 
lization begins at point C, the start of the dip, and 
continues with further extension. 

This dip, resulting from decrease of stress with 
further strain, requires that the rate of softening 
with recrystallization be greater than the rate of 
strain hardening produced by the forcible extension 
of the test sample. The rate of strain hardening can 
be controlled through the rate of extension. In doing 
so the time available for recrystallization is altered. 
The balance between these simultaneous and oppos- 
ing processes is illustrated nicely in fig. 4 by stress- 
strain curves at various extension rates. The greatest 
rate of softening with strain occurs at the lowest 
rate of extension; the maximum negative slope of 
the curves becomes less pronounced as the speed of 
straining is increased. Furthermore, the strain at 
which the maximum stress occurs, located by the 
open circles, increases with the extension rate, and 
the maximum stress itself is raised from 1600 to 
2500 psi. More extensive analysis will show that 
increased rate of strain hardening prior to recrystal- 
lization also is associated with increasing extension 
rate. 

Let us now re-examine the upper two curves of 
fig. 2 and recall the fact that the softening dip is 
associated with recrystallization and is completely 
eliminated by a moderate temperature heat treat- 
ment. It should follow that the heat treatment 
necessarily accomplishes some structural alteration 
which either prevents recrystallization, or which 
has some effect equivalent to this on the stress-strain 
curve. The upper curve shows that in this case 
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Fig. 5—Grain structure of an identical area of a cold-rolled high-purity lead sample, before and after the 
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Fig. 4—Effect of rate of extension on the stress- 
strain characteristics of severely cold-rolled pure 
lead. 


strain hardening continues throughout the test, past 
the previous critical point of strain at which soften- 
ing and recrystallization otherwise took place. The 
grain structures corresponding to each of the two 
curves, photographed on one area before and after 
the 133°C heat treatment, are shown in fig. 5. The 
structures are almost identical. Other samples, how- 
ever, rolled somewhat differently, may undergo 
major grain growth during heat treatment while 
maintaining the difference in tensile behavior. 
Exhaustive examination leads to the conclusion that 
the changes responsible for the difference between 
the stress-strain curves must be submicroscopic. 
The strain-hardening behavior of severely rolled 
pure lead is thus seen to be as if—and at this stage 
I-can claim only ‘as if’—very severe working pro- 


heat treatment shown in fig. 2. 
X8. a. As aged one month. b. Plus 15 min. at 133°C. 


TRANSACTIONS AIME, VOL. 188, SEPTEMBER 1950, JOURNAL OF METALS—1099_ 


0.01% 
SILVER 


2000 


1500 


STRESS IN pSi 


COLD ROLLED 83% 
AGED | MONTH AT 
ROOM TEMPERATURE 


STRAIN IN PER CENT (IN 2 INCHES) 


Fig. 6—Effect of silver on the stress-strain charac- 
teristics of lead. 


duced a system of ill-comprehended ‘‘microfaults,” 
which might possibly be residual microstrains or 
possibly minute structural discontinuities. These 
persist after the recrystallization incident to rolling, 
or actually are produced by the incompleteness of 
such recrystallization at room temperature. The 
addition of sufficient strain energy to this system by 
the tensile test might then, after a certain amount 
of further hardening, initiate the recrystallization 
observed during test. 

The recrystallization is attended by softening, that 
is, decreasing stress as extension is continued. The 
softening is due, at least in part, to recrystallization 
itself. In addition, it may be aided by the energy 
released with the relaxation or removal of the micro- 
faults. On the other hand a moderate prior heat 


a 


b 
Fig. 7—Effect of silver on grain size. One month after severe cold rolling. 
X8. a. Pure lead. b. 0.005 pct silver. c. 0.010 pet silver: 


treatment may be postulated to remove the faults 
initially, as by more complete recrystallization, and 
so allow strain hardening to continue uninterrupted 
throughout the tensile test. The fundamental ques- 
tion then seems to be: what structural inhomogenei-~ 
ties, residual stresses, or other effects, are produced 
in pure lead by severe cold working, cause a relaxa- 
tion of strain hardening at a critical degree of strain, 
and are removed or negated by a moderate heat 
treatment? We hope some day to have the answer. 

The data presented thus far lend added meaning to 
my previous statement regarding the need for ex- 
treme attention to details in making and testing 
lead samples. The danger of unsuspected variables 
is so great that the effects of impurities can best 
be investigated with limited batches of a number 
of materials similarly prepared and carried through 
identical rolling, aging, and testing schedules as 
a group. Great care must be taken in comparing the 
results of one experiment with those of another 
because of the probability that differences in pro- 
cessing do exist and affect the data. 

Lead Alloys: With this somewhat lengthy back- 
ground I can proceed to the discussion of small 
alloying additions. The effects of the added elements 
on the strength properties of lead are, as would be 
expected, related to their influence on recrystalliza- 
tion. Fig. 6 presents stress-strain curves for pure 
lead and for lead containing 0.005 and 0.010 pct 
silver, respectively. The curves for the two alloys 
have steeper initial slopes; the silver has stiffened 
the lattice. Further, it has retarded recrystalliza- 
tion; the softening dip is increasingly de-empha- 
sized with greater silver content. And it has obvi- 
ously raised the tensile strength. 

Fig. 7 shows that silver has a marked effect on the 
grain size of rolled lead. We have found from 
optical and electron microscopy that lead-silver is a 
precipitation hardening system. The solid solubility 
of silver is about 0.10 pct at eutectic temperature 
(304°C) and is less than 0.005 pct at room tem- 
perature. Therefore the observed hardening and 


c 
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the retarding of recrystallization are associated with 
a solid solution plus a finely dispersed precipitate. 

Another precipitation hardening system, involv- 
ing minute quantities of a minor element, and one 
for which the solid solubility has been determined 
accurately, offers a fine opportunity to examine how 
hardening and recrystallization are affected when 
the small quantity of added element is, first, entirely 
in solid solution and then present partially as pre- 
cipitate. The solid solubility of calcium in lead de- 
creases from 0.10 pct at 328°C, the peritectic tem- 
perature, to 0.010 pct at room temperature. The 
stress-strain curves for pure lead and for three 
lead-calcium alloys are illustrated in fig. 8. Com- 
paring the curves for the 0.005 and 0.010 pct calcium 
materials, the solid solution alloys, with the curve 
for pure lead, it can be seen that as the amount of 
calcium in solid solution is increased the lattice is 
stiffened, and the tensile strength is increased. Yet 


Fig. 9—Grain structure of lead-0.03 pct calcium 
See poe oo i tape extruded at 205°C and aged 20 years at room 
ROOM TEMPERATURE temperature. X500. 


is used, the addition of the same amount of nickel 
results in a very significant change in the properties. 
The difference in impurity content of the two leads 
is shown in the upper right hand corner of the fig- 
ure. The exact combination of minor elements and 
nickel that is responsible for this behavior is not 
known. 

From the engineering standpoint our main concern 
with minor elements in lead has been in relation to 
the effects, good or bad, that they may have on 
cable-sheathing materials. One example will here 
have to suffice to illustrate the need for a vigilant 


STRESS IN pSi 


OWmO bane Onn s0=m 840s SOmmnLEO watch over the impurity content of the cable- 
STRAIN IN PER CENT (IN 2 INCHES) 
Fig. 8—Effect of calcium on the stress-strain 3500 
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large change occurring when the calcium content : <0.0001 0.0037 
is sufficiently high to yield both the solid solution Seay tog a SOS a eioeee 
and a precipitate phase (0.025 pct curve). This 2500 : 
shows quite clearly that with lead-calcium alloys 
the presence of the precipitate has far the greater Je 
effect on hardening. Evidence of the pronounced 2 2000 
influence exerted by the Pb.Ca precipitate on re- z _--LEAD A 
crystallization can be seen in fig. 9 at X500 instead a  +0.005% Ni 
of X8, the magnification of the previous photographs. e 
Although the 0.03 pct calcium alloy was extruded & '°°° 


20 years ago, in foresighted preparation for this 
occasion, it still retains the elongated grain struc- 
_ture characteristic of extrusion. 5 1000 

To add to the variety of the phenomena obtain- 
able there are instances also where small quantities 
of elements exert relatively little effect on the 500 
properties of pure lead when acting alone but dis- 
proportionately large consequences in combination. 


Consider the striking illustration furnished by the A | 
stress-strain curves in fig. 10. When 0.005 pct nickel ) 10 20 30 40 50 6 
is added to high-purity lead A, some changes in STRAIN IN PER CENT (IN 2 INCHES) 

strength and recrystallization properties are ob- Fig. 10—Effect of slight change in purity of base 
tained. However, when high-purity lead B, con- lead on the stress-strain characteristics of cold- 
taining only slightly greater amounts of impurities, rolled lead plus nickel. 
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Fig, 11—Effect of arsenic on the age hardening of 
high-purity lead-1 pct antimeny alloy, 


sheathing alloy. It was noted that when one com- 
mercial composition of antimony was used for mak- 
ing our lead-1 pct antimony cable sheath a variety 
of distressing troubles was encountered in the ex- 
trusion of the material. Moreover, the sheath pro- 
duced aged so fast and became so hard that it was 
difficult to unreel and install the cable. We found 
that the difficulty was due to small quantities of 
arsenic present in the antimony. The unhappy effi- 
ciency of arsenic in promoting rapid age hardening 
in this system is shown in fig. 11. Here two alloys, 
both water quenched, one containing no arsenic and 
the other 0.005 pct, were tested for tensile strength 
after various aging periods. The more rapid harden- 
ing and the higher strengths for the arsenical alloy 
are evident. The extrusion difficulties, too, were con- 
tributed by the arsenic. When arsenic-bearing lead- 
1 pet antimony alloys were extruded in the labora- 
tory under normal conditions, invariably Christmas 
tree shapes were produced instead of sound rec- 
tangular strip. The hot shortness is illustrated in 
fig. 12. The product is decorative but not useful. 
Only by lowering the extrusion temperature and 


Fig. 12—Hot short- 

ness in extruded 

14%4-in. wide lead-1 

pet antimony tape 

caused by 0.008 pct 

arsenic contamina- 
tion. 


slowing down the rate of extrusion was it possible 
to produce sound material. This behavior is due to 
the intergranular presence of a low melting lead- 
antimony-arsenic phase which is liquid at normal 
extrusion temperatures. 

Before proceeding to the next section you may be 
interested in a photograph, fig. 13, showing a por- 
tion of our field laboratory at Chester, N. J. Here is 
shown an experimental installation of 36,000 ft of 
full size aerial cable used to check and supplement 
the laboratory data on the lead-calcium alloy that 
I mentioned previously. 


Properties of Magnetic Alloys 


Turning now to a consideration of the effect of 
minor elements on magnetic properties, I shall show 
how sensitive the ferromagnetic materials are to the 
presence or absence of small amounts of various 
elements. 

It is convenient as well as desirable for clarity to 
differentiate sharply, yet without too much detail, 
between the two subdivisions of magnetic materials. 
The first includes all the mechanically soft, easily 


Fig. 13—Field laboratory for testing aerial cable 
sheath alloys. 


magnetized, and, we might say, “temporary” mag- 
netic materials as they are also easily demagnetized. 
The second includes all the mechanically hard, not 
easily magnetized materials, the “permanent” mag- 
nets. Although there are exceptions to the classifica- 
tion “soft” and “hard,” the use of these terms is 
quite apt. In a given soft magnetic material increas- 
ing softness parallels increasing freedom from minor 
constituents and, indeed, is conditioned by this free- 
dom. The use of the term magnetic hardness conveys 
both the ideas of permanency of magnetization and 
of mechanical hardness. Hence in the permanent 
magnetic materials we seek a highly strained lattice 
through proper choice of alloying elements which 
either by compound formation or by the formation 
of intermediate phases, will give possibilities of con- 
trollable precipitation. These precipitates under the 
correct physical metallurgical treatment may attain 
an optimum dispersion, resulting in a corresponding 
optimum of properties characteristic of the particu- 
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lar alloy concerned. Presence of quantities of other 
elements which may interfere with the efficiency of 
the strain-producing process is thus highly undesira- 
ble. A few examples from each of the two classes of 
magnetic materials will be discussed in turn. 

High Permeability Materials: The work of Cioffi 
and of Yensen and Zeigler in the field of soft mag- 
netic materials has shown the remarkable improve- 
ments in quality obtainable in iron by the successive 
reduction to vanishingly small amounts of a group 
of elements commonly present in iron. A typical 
illustration from Cioffi is given in table I. 

It will be noted that carbon, sulphur, oxygen, and 
nitrogen have undergone significant relative per- 
centage reductions by just 3 hr of treatment at 


1475°C in dry H, and that the value for maximum _ 


permeability has increased by more than four-fold. 
A further 15-hr treatment resulted in further de- 
creases of sulphur and nitrogen with a thirty-fold 
improvement in maximum permeability over the 
original. The elements reduced in quantity by this 
treatment are the ones which in solid solution in 
a-iron would be expected to strain the structure 
to a considerable degree because of their difference 
in valence from iron and probable interstitial loca- 
tion. Thus their reduction in quantity by purifica- 
tion has a relatively large effect on magnetic soft- 
ness as measured by permeability. 

An example of the effect on a specific magnetic 
property of a single element is that of carbon on the 
maximum permeability of iron crystals containing 
almost negligible amounts of sulphur, oxygen, and 
nitrogen. Yensen’s data, as indicated by the curve 


Table I. Effect of Impurities on the Permeability of Iron 


Percent yen 

Permea- 
Material Cc Ss P (0) N Mn Si bility 
Armco 0.012 |0.018/0.004 | 0.030 | 0.0018 | 0.030 | 0.002 7,000 
Tron 
After 3 0.005 |0.006 0.004 | 0.003 | 0.0003 | 0.028 30,000 
hr at 
1475°C 
in dry He 
After 18 0.005 |}0.003 0.004 | 0.003 | 0.0001 | 0.028 227,000 
hr at 
1475°C in 
dry He 


in fig. 14, show that the maximum permeability in- 
creases rapidly as the carbon content decreases be- 
low 0.005 pct. : 

-An example of the effect of a precipitated phase 
on magnetic properties is that of nitrides in ingot 
iron. Nitrogen has a markedly deleterious effect on 
the permeability of iron, an effect which increases 
with time. That, for years, this effect was not gen- 
erally recognized is not surprising because of the 
slowness of the aging at room temperature, and also 
perhaps because physical changes or the action of 
other minor constituents may have obscured the 
normally observable effects. Two typical cases from 
a series of carefully controlled experiments are il- 
lustrated in fig. 15. The aging process was accel- 
erated by heating for 700 hr at 100°C. The extent 
of the loss of quality in the aged low-nitrogen alloy 
is dependent upon the nitrogen content up to the 
solid solubility limit at room temperature of, prob- 
ably, about 0.001 pct of interstitially dissolved 
nitrogen. Hence in the samples of the 0.001 pct N 
alloy the course of the curve, permeability vs. flux 
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Fig. 14—Effect of carbon on maximum permeability 
of iron. 


density, is not affected significantly by aging at 
100°C. With the alloy of higher nitrogen content, 
0.0065 pct N, there is superimposed upon the solution 
hardening an effect due to the formation and pre- 
cipitation in critical dispersion from supersaturated 
solid solution of a nitride. Illustration of this is 
given by the two lower curves. The difference in 
the position of the curves represents the loss in 
permeability due to the “hardening effect” of the 
nitride precipitate. This effect is substantially 
eliminated by heating to 200°C which dissolves the 
precipitated nitride. That this represents a return 
to a state of supersaturated solid solution is indi- 
cated by the reversibility of the process. The effect 
of nitrogen on magnetic properties is further illus- 
trated by fig. 16 which shows how the maximum 
permeability for aged low-carbon iron varies with 
nitrogen content. 
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Fig. 15—Effect of nitrogen on permeability of 
Armco iron. 
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Fig. 16—Maximum permeability vs. nitrogen con- 
tent for aged low-carbon iron. 


Before leaving the soft magnetic materials, an in- 
stance will be given to show the profound effect on 
magnetic quality of a small concentration of a re- 
fractory oxide, an incidental component of an alloy 
resulting from the process of deoxidation. The ex- 
ample is the effect of MgO, generated by deoxidizing 
a melt with magnesium, on the properties of an iron- 
nickel-molybdenum alloy. This ternary alloy when 
treated properly may be endowed with the highest 
initial and maximum magnetic permeabilities yet at- 
tained in polycrystalline material. For example, al- 
loy No. 1, shown in table II, has an initial permea- 
bility of 105,000 and a maximum permeability of 
1,300,000. This alloy was prepared without the addi- 
tion of magnesium as indicated. The properties of 
the alloy of the same composition, with magnesium 


Fig. 17—Sulphide film at grain boundary in 80 pct 
nickel-20 pct iron alloy. X2000. 


added under conditions permitting the formation of 
MgO, are shown for comparison in the line below. 
Comment is hardly necessary on the very great in- 
crease in the initial permeability and the ten-fold 
increase in maximum permeability attainable by the 
absence of the 0.1 pct of magnesium. Microstruc- 
turally alloy No. 2 contains finely dispersed MgO 
which has been trapped during solidification and 
which prevents the attainment of optimum perme- 
abilities by restricting the growth and orientation 
of magnetic domains. 

In sharp contrast to these instances where extra- 
ordinary procedures are utilized to remove small 
quantities of impurities in order to achieve the 
special properties such as the high permeabilities we 
have just been discussing, there are instances where 
these ordinarily harmful ingredients are purposely 
added for other beneficial effects. Additions of sul- 
phur may be used for illustrative purposes. An ob- 
vious instance that suggests itself is its use in free 
machining steels. A less weil-known but equally 
important use is its incorporation in 80 pct nickel- 
20 pet iron alloy where under certain conditions it 
makes the material so friable that fine powders, for 
use in low-loss loading coil cores, may be produced 
readily. When sulphur is present in amounts of the 
order of a few thousandths of 1 pct, the wrought 
alloy is extremely cold short. The amount of sul- 
phur added is critical. Essentially it is that quantity 


Table I. Effect of MgO on Magnetic Permeability 


Addi- Ini- Maxi- 
tions tial mum 
Alloy, Fe, Ni, Mo, Mn, Mg, | Permea- | Permea- 
No. Pct Pet Pet Pet Pet bility bility 
1 15.4 79 5 0.6 0 105,000 | 1,300,000 
2 15.4 72 5 0.6 0.1 38,000 130,000 


which produces just enough thin sulphide film to 
envelope the grains and produce cold brittleness but 
is not sufficient to interfere seriously with the hot- 
rolling properties. Such a sulphide film at a grain 
boundary is shown in the micrograph, fig. 17. 


Permanent Magnets: Although carbon has an ad- 
verse effect on the quality of soft, or high perme- 
ability, magnetic materials, it is an essential element 
in a class of quench-hardening permanent magnet 
alloys like the chromium magnet steels and 36 pct 
cobalt magnet steel. Like tool steels, these perma- 
nent magnet alloys depend upon the hardening ac- 
tion of carbon for their useful properties. 

There are other types of permanent magnet al- 
loys that are carbon free, however, and depend for 
their hardness upon the formation of intermediate 
phases of the major constituents. Carbon then, as 
with the high permeability materials, plays no bene- 
ficial role and, in fact, even small amounts of it are 
found to be objectionable. One set of illustrative 
data is given in fig. 18 where the curve is a plot 
of coercive force against carbon content for Alnico 
V, a dispersion-hardening, permanent magnet alloy, 
composed of Fe 51 pct, Ni 14 pct, Co 24 pct, Al 8 pet, 
Cu 3 pet. 

The exceptionally high, permanent magnet quali- 
ties of this material are obtained normally by first 
heating to a high temperature to insure complete 
homogeneity of the constituents to solid solution 
form, followed by cooling at a critical rate in a 
magnetic field, and subsequent aging at a tempera- 
ture of approximately 600°C. The coercive force 
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referred to in fig. 18 is the magnetic field strength 


required to reduce the residual magnetism of the 
specimen to zero after magnetizing to saturation. 
The curve shows most clearly that the desired high 
coercive force values of Alnico V are obtained only 
when the carbon content is not greater than a few 
hundredths of one percent. 

A metallographic study of the structure of fully 
heat-treated Alnico V samples containing graded 
amounts of carbon has shown some of the micro- 
structural changes resulting from the presence of 
this element. In the next three figures, 19, 20, 21, 
these manifestations are revealed. With almost 
negligible carbon (the specimen was analyzed at 
0.005 pct), the alloy looks clean except for a few 
oxide particles. With a very little increase in car- 


bon, a feathery constituent makes its first appear- 


ance at a grain boundary. This specimen analyzed 
0.006 pct carbon although the actual carbon content 
in the grain boundary area examined may have been 
somewhat in excess of this due to segregation. With 
increasingly greater carbon content, the feathery 
phase appears more and more until, at about 0.08 pct 
carbon, the second phase appears additionally within 
the grains exhibiting a Widmanstatten pattern. With 
a relatively large amount of carbon, 0.50 pct, the 
structure shows a conglomeration of phases which 
fill the whole field. 

The mechanism of the adverse effect of carbon on 
the magnetic quality in these nominally carbon-free 
alloys has not yet been developed satisfactorily. The 
microstructure is so greatly affected by carbon that 
it may be used to estimate magnet quality. Where 
the carbon concentration is low, close estimates of 
its amount sometimes may be made from the mag- 
netic characteristics. Practice and technology are 
satisfied by this limited understanding and correla- 
tion. The fundamental relationships of the effect of 
a sixth element, carbon, on a five-component sys- 
tem, which is itself only incompletely understood, 
awaits the enthusiasms and energies of another gen- 
eration. Several theories have been proposed to ac- 
count for the mechanism, but they appear to be 
different aspects of a yet more fundamental phe- 


— 
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Fig. 18—Effect of carbon on the coercive force of 
Alnico V. 


nomenon. One of these, for example, is the sug- 
gestion that carbon lowers the Curie temperature, 
the temperature above which the material loses its 
ferromagnetism. This temperature should be high 
enough in Alnico V to remain appreciably above the 
minimum temperature necessary to permit unfet- 
tered the desired alignment effects during cooling 
in the applied field. 


Electrical Properties of Silicon and 
Germanium Alloys _ 


The effect of small additions on both strength and 
magnetic properties has been illustrated. Let us 
now consider the effect on electrical properties. The 
electrical properties of metals are sharply dependent 
on small alloying additions in solution; in the semi- 
metals, silicon and germanium, used in such elec- 
tronic devices as the point-contact rectifier and 
transistor, the dependence is even more striking. 
These materials afford outstanding examples of very 
large effects from minute component additions. If 
I seem to be departing from the usual roster of 
metallurgical materials, I may perhaps be forgiven 
on showing that, in their processing at least, these 


oe 


Fig. 19—Alnico V. 
a. Carbon, 0.005 pet. Magnetite quality, excellent. X250. b. Carbon, 0.006 pct. Magnetite quality, still excellent. X250. 
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Fig. 20—Alnico V. 


a. Carbon, 0.038 pet. Magnetic quality, fair. X250. 


elements are not only amenable to, but require 
careful metallurgical techniques. 

I shall therefore conclude my discussion with the 
electrical property, conductivity, or its reciprocal, 
resistivity, of silicon and germanium. The term semi- 
conductor was coined, somewhat loosely, for materi- 
als like silicon and germanium because their elec- 
trical conductivity lies between that of metals and 
insulators. As is well known, conduction in metals 
is by electrons, which carry a negative charge. The 
concentration of conduction electrons is very high, 
of the order of one per atom. The solution of foreign 
elements in a metal such as copper reduces the con- 
ductivity by disturbing the periodicity of the lattice 
field and thereby interfering with the flow of elec- 
trons. On the other hand, in silicon and germanium 


Fig. 21—Alnico V. 
Carbon 0.50 pet. Magnetically worthless. 250. 


b. Carbon, 0.084 pct. Magnetic quality, poor. X250. 


electrical conductivity is several orders of magni- 
tude below that of metals. Conductivity is limited 
principally by the number of carriers, which is 
small; lattice scattering plays a lesser part. Certain 
elements, when present in solid solution in either _ 
of these semiconductors, increase the electrical con- 
ductivity by furnishing carriers of charge. The 
picture is complicated here by the fact that two 
mechanisms of electrical conduction are possible, 
each corresponding to a separate class of addition 
element. 

Although the details of how certain elements 
affect the conductivity of silicon and germanium 
properly lie in the realm of quantum physics, I shall 
attempt to describe certain basic concepts by means 
of a somewhat oversimplified picture. Fig. 22 is 
a schematic representation of valence bonding in 
silicon. Silicon (and also germanium) is in group IV 
of the periodic system and crystallizes in the dia- 


-mond-cubic structure. Each atom of silicon has four 


valence electrons which it shares with four neigh- 
boring atoms. The valence electrons are held tightly 
and cannot easily participate in electrical conduction. 

If an atom with five valence electrons, such as 
phosphorus, is placed substitutionally in the silicon 
lattice, as shown schematically in fig. 23, an extra 
electron will be present. Only four of the five phos- 
phorus valence electrons enter covalent bonds; the 
remaining electron is relatively free. It is easily 
moved by an electric field, leaving behind a posi- 
tively charged phosphorus ion, and is a earrier of 
electrical current. An element of group V, such as 
phosphorus, is called a donor for silicon or ger- 
manium, because it donates a conduction electron to 
the parent substance. Such conductivity is called 
n-type (“n” for negative), because the mobile car- 
riers are negatively charged. 

Now let us consider a substitutional element with 
three valence electrons such as boron. One electron 
is missing from the lattice at the location of the 
boron atom as suggested by fig. 24. The vacancy is 
filled by an electron from elsewhere in the lattice, 
producing thereby a negatively charged boron ion 
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germanium as well, expand on freezing. Hence if 
melts of either of these elements are cooled from 
all sides simultaneously the outer shell of the ingot, 
which solidifies first, is under severe expansive 
forces. Since silicon is very brittle, these forces 
usually are sufficient to crack the ingot. Fig. 25a 
shows a longitudinal section of a desirable sound 
ingot, prepared by end cooling, while fig. 25 b shows 
an ingot with a sound upper half resulting from end 
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Fig. 24—P-type silicon. 
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cooling, but with a cracked lower half due to cool- 
ing from all sides simultaneously. Another result 


in the end of the ingot last to freeze. 

Now let us consider the effect of an acceptor 
element, boron, on. resistivity. For two silicon- 
boron alloys, and for silicon of exceptional purity, 
this effect is shown in fig. 26 where resistivity is 


Speeliskus of end cooling is the concentrating of minor elements 
4 


Fig. 23—N-type silicon. 


and a mobile hole having a positive charge. If an 
electric field is applied, the hole will move through 
the lattice, just as an electron does, except that the 
direction of motion of the hole is opposite to that 
of the electron. An element of group III is called 
an acceptor for silicon or germanium because it ac- | 
cepts an electron from a covalent bond in the lattice, 
leaving there a mobile positive hole which enters the 
process of conduction. The conductivity is called 
p-type, because the mobile carriers behave as though 
positively charged. 


Thus we have two mechanisms of conduction: the 
carriers may be regarded as electrons in n-type 
semiconductors, as holes in p-type semiconductors. 

Electrical conduction in~silicon and germanium 
has another significant feature. When both donors 
and acceptors are present in the lattice, the observed 
conductivity is not proportional to their sum but 
corresponds more nearly to their difference. The 
reason for this is that donors and acceptors neu- 
tralize or compensate each other. One may think of 

-compensation as a conduction electron falling into 
a hole, with resultant neutralization of both charges 
and removal of both carriers from the process of 
conduction. 


The Resistivity of Silicon Ingots: Before consider- 
ing the effects of minor elements on the resistivity of 


silicon, a few words about the preparation of ingots Fig. 25-—Silicon ingots. 
of this material seem in order. It is our practice a. Longitudinal section through sound ingot prepared by 
asa: sas c} ; 1 ] cooling from top downward. 
to solidify silicon melts into cylindrical in gots by b. Une, half s idvewoleds lower half cooled from all sides 
_slow-cooling from the top downward. Silicon, and with resultant cracking. 
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Fig. 26—Effect of added boron on the resistivity of 
silicon. 
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Fig. 27—Effect of added phosphorus on the resis- 
tivity of silicon. 


plotted as a function of sample location in the ingot. 
Very small concentrations of boron markedly re- 
duce the resistivity as indicated by the displacement 
of the curves. Even though the unalloyed silicon 
is of exceptional purity, its resistivity is far below 
the theoretical value of about 10° ohm-cm at room 
temperature for the element silicon. 

The second important effect is that resistivity is 
a function of depth in the ingot, being greatest at 
the top, which is first to freeze. This variation is a 
result of normal segregation of boron during solidi- 
fication. Such nonuniformity of resistivity is un- 
desirable and, as we shall see later, can largely 
be obviated. 


Fig. 27 shows the effect of a donor, phosphorus, 
on the electrical resistivity of silicon. Again, the 
extreme sensitivity of resistivity to solute concen- 
tration is apparent and again segregation is normal. 

Let us now examine the properties of an ingot con- 
taining both boron and phosphorus. Fig. 28 shows 
resistivity as a. function of location and reveals 
some interesting effects of the combined action of 
segregation and compensation. The first material 
to freeze, at the top of the ingot, contains a higher 
atomic concentration of boron than phosphorus in 
solution and hence is p-type. However, the rate of 
segregation is greater for phosphorus than for boron. 
Hence the excess of acceptors decreases with depth 
and at first the resistivity rises, reaching a maximum 
at the point at which the atomic concentrations of 
boron and phosphorus are equal. Below this posi- 
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Fig. 28—Resistivity as a function of location for 
an ingot of silicon containing both boron and 
phosphorus. 


tion continued segregation causes donors to be in 
excess by an amount which increases with depth. 
Hence below the compensation point the silicon is 
n-type and its resistivity decreases with depth. 
The. region of compensation in such an ingot is 
known as the p-n barrier. Associated with it are 


Fig. 29—P-N barrier 
in slowly cooled ingot 
of silicon containing 
both boron and phos- 
phorus. X22. 


Area reduced approximately 
one half in reproduction. 
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photovoltaic properties and an unusual microstruc- 
ture, an example of which is given in fig. 29. Here 
we see a longitudinal section through a slowly 
cooled ingot containing both boron and phosphorus. 
Grain growth has been columnar and segregation 
has been reasonably uniform from grain to grain, 
with the result that the p-type and n-type regions 
in each grain are well aligned. The microstructural 
discontinuity at the p-n boundary is believed to be 
an etching effect associated with electrochemical 
differences between p-type and n-type silicons. 
Such microstructures show graphically the in- 
homogeneity which can be caused by segregation. 
An extreme case is revealed in fig. 30. Cooling was 
rapid and grain growth was noncolumnar, proceed- 
ing from nuclei throughout the ingot. As a result 


the p-type regions in individual grains appear as 


islands surrounded by regions of n-type silicon. 

I should mention that most applications of these 
semiconductors place a premium on uniformity of 
resistivity. We have seen how segregation of a 
single element defeats this aim and how compensa- 
tion effects between two segregating elements add 
further complications. One solution to the problem 
might seem to be rapid cooling of an ingot followed 
by a homogenizing heat treatment. We have not 
found this technique to be particularly useful for 
silicon because of the low rates of diffusion of the 
elements concerned. However, the information al- 
ready presented contains a key to the solution of 
this problem. Fig. 26 shows that additions of boron 
to relatively pure p-type silicon result in ingots 
in which resistivity decreases with depth. In fig. 28, 
we see that in an ingot containing both boron and 
phosphorus, resistivity in the p-type region increases 
with depth. These data suggest that at some inter- 
mediate boron-to-phosphorus ratio it should be pos- 
sible to produce an ingot in which resistivity is sub- 
stantially constant with depth. As the curves of fig. 
31 demonstrate, this can be done. Resistivity, now 
on an arithmetric scale, is plotted against location 
in the ingot for three silicons containing different 
proportions of boron and phosphorus. When the 


Fig. 30—P-N barriers in rapidly cooled ingot of 
silicon containing both boron and phosphorus. X50. 
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Fig. 31—Effect of boron-phosphorus ratio on uni- 
formity of resistivity in ingots of p-type silicon. 
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Fig. 32—Distribution of antimony in ingot of ger- 
manium containing 0.00078 pet antimony. 


ratio of the atomic concentrations of these elements 
is about 5 to 1 the resistivity is quite uniform 
throughout the ingot as shown by curve C. Provided 
this ratio of boron-to-phosphorus is maintained, 
uniformity can be produced at other values of resis- 
tivity also. 

Thus we produce a useful semiconductor by con- 
trolling the difference in concentrations of two sig- 
nificant elements, each of which is present in minute 
amounts and each of which segregates severely dur- 
ing solidification of the ingot. 


The Resistivity of Germanium Ingots: The story 
for germanium is much the same as that for silicon. 
Elements of group III are acceptors, of group V 


donors, and when both are present compensation 


occurs. Ingots are prepared by end-cooling, in this 
case from the bottom upward, and normal segrega- 
tion concentrates the solutes in the upper regions 
of the ingot. 

Great extremes of solute concentration can be 
produced by segregation of minor elements and this 
fact has at times been overlooked in quantitative 
interpretations of the electrical properties of semi- 
conductors as a function of nominal composition. 
An ingot of relatively pure n-type germanium con- 
taining 0.00078 pct by weight of antimony may be 
used as an illustration. Data on the distribution of 
antimony in the ingot according to Pearson, Stru- 
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Fig. 33—Effect of temperature of heat treatment 
on resistivity of germanium at room temperature. 


thers, and Theuerer are shown in fig. 32. In the 
lower half of the ingot the concentration of anti- 
mony is about 1 pct of the average value; almost 
all of the antimony appears in the top section. Al- 
though segregation does cause undesired variations 
in resistivity, these data show that it can reduce the 
impurity concentration of a large portion of an ingot 
to a value much below the average for the ingot 
as a whole. By taking advantage of such segrega- 
tion and rejecting the portion of the ingot in which 
the impurities are concentrated, germanium of high 
purity is readily prepared. 

We have seen in silicon that the balance between 
donors and acceptors is affected by segregation and 
have indicated that, once established, the balance can 
not be changed easily. In germanium, however, we 
have found that the effective concentration of one 
kind of acceptor can be altered by heat treatment. 
The effect is illustrated in fig. 33 where resistivity 
at room temperature is plotted against temperature 
of heat treatment for a specimen of relatively pure 
germanium. After heating at 500°C the germanium 
is n-type, donors being in excess of acceptors. As 
the temperature of treatment is raised the relative 
concentration of acceptors increases. Hence the re- 
sistivity of the n-germanium increases, reaching a 
maximum at a heat-treating temperature of 600°C, 
which is the n-p conversion temperature. After 
higher temperatures of treatment acceptors are in 
excess, the germanium is p-type, and its resistivity 
decreases with increasing temperature of treatment. 


The heat-treating effect is completely reversible; — 


points on the curve in this figure are independent of 
the prior thermal history of the germanium. 

One hypothesis for the variation of acceptor con- 
centration with temperature of treatment is that the 
solid solubility of an acceptor impurity increases 
with temperature, much as does the minor element 
in an age-hardening alloy. (Theory indicates that 
acceptors must be in solid solution to be effective.) 


A second hypothesis is that the acceptor is not an 
impurity at all but simply a lattice defect, the con- 
centration of such lattice defects at room tempera- 
ture increasing with temperature of treatment. In 
any event it is clear that we are concerned here not 
only with “concentration” but with “effective con- 
centration” which depends on the thermal treatment 
of the germanium. 

I should like to give a numerical example of the 
concentrations with which we are concerned here. 
The 500°C point in fig. 33 corresponds to n-ger- 
manium having a resistivity of about 8 ohm-cm, or 
a conductivity of 0.12 reciprocal ohm-cm. The num- 
ber of excess donors required to produce this con- 
ductivity is extremely small, about one donor per 
100,000,000 atoms of germanium. Furthermore, the 
conductivity can be doubled by adding one ad- 
ditional donor atom, such as antimony, to these 
100,000,000 atoms of germanium. The quantities 
are calculated readily from the expression o—nep, 
in which o is the electrical conductivity, n is the 
concentration of donors, e is the charge of the elec- 
tron, and » (a constant that has been determined) is 
the mobility of electrons in germanium. 

It is not suggested that the development of these 
semiconductors is completed although much pro- 
gress has been made. Many problems remain and are 
being investigated actively by physicists, chemists, 
and metallurgists. The fact that the solute concen- 
trations involved are beyond the reach of conven- 
tional analytical methods has added to the difficulty 
of investigation and indirect methods have had to 
be used. For example, the data of fig. 32 on anti- 
mony distribution were obtained by radioactive 
tracer analysis. Also measurements of the Hall 
effect, which is a transverse voltage in a current- 
carrying conductor produced by a magnetic field, 
have provided information on the sign and number 
of extremely small concentrations of carriers. 

Thus we have now seen that in these semimetals 
we are concerned with things which most unmis- 
takably are not pure and do not behave as pure 
materials, even though the effective solute content 
may be no more than a few parts in a hundred mil- 
lion. These infrequent atoms none the less contribute 
directly to the useful electrical properties. 

What constitutes a “minor” amount of added ele- 
ment we now see to be a matter of degree: 5 parts 
of silver in 100,000 of lead change the strength of 
the latter; the removal of 30 parts of sulphur and 2 
parts of nitrogen from 1,000,000 parts of iron pro- 
duces a seven-fold increase in permeability; 1 part 
of antimony in 100,000,000 of germanium doubles 
the conductivity. 

Perhaps some day we shall be privileged to study 
the properties of really pure metals. The first prob- 
lem is to secure them. 
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The Mechanism of Sulphur Transfer between Carbon-Saturated Iron 
and CaO-SiO,-Al,O, Slags 


by G. Derge, W. O. Philbrook, and Kenneth M. Goldman 


The area of the slag-metal interface is a rate-determining factor 
in the transfer of sulphur from iron to CaQ-AlI.0.-SiO, slags in a 
carbon-saturated system. Concentration gradients are removed by 
convection rather than diffusion. The sulphur crosses the interface 
in chemical combination with iron which is later reduced to pellets, 
accompanied by evolution of CO gas and formation of a stable 

calcium-sulphur compound in the slag. 


QUILIBRIUM conditions for steelmaking re- 
actions have been studied extensively over the 
past two decades by a number of investigators, with 
gratifying results. Equilibrium data are essential to 
the understanding of any process, and such knowl- 
edge has the practical utility of placing a limit be- 
yond which control measures cannot succeed. When, 
however, the driving rate of an industrial process 
is so fast that there is not time for reactions to reach 
equilibrium, it then becomes necessary that the 
factors which control the rates of reaction be known 
in order to establish full control of the process. 
The desulphurization of molten pig iron by slags 
within the iron blast furnace is one such process in 
which the actual degree of sulphur absorption by 
the slag does not approach the equilibrium distribu- 
tion obtained for similar slag-metal systems in the 
laboratory.’ A study of the rate-controlling factors 
governing the desulphurization of iron by slags is 
becoming increasingly important as the sulphur con- 
tent of raw materials increases with depletion of 
higher grade ores and coal. Following up an initial 
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study on kinetics,’ this paper reports some results of 
a continuing laboratory investigation on the mecha- 
nism of sulphur transfer between molten iron satu- 
rated with carbon and slags of the CaO-SiO.-Al.O; 
system. Laboratory experiments cannot reproduce 
in detail the conditions which prevail in the hearth 
of a blast furnace, but they will contribute to an 
understanding of the smelting reactions and perhaps 
will explain some apparent inconsistencies in the 
factors controlling the equilibrium distribution of 
sulphur between iron and slags under reducing com- 
pared with oxidizing conditions. 

The mechanism of a reaction—that is, the indi- 
vidual steps and the sequence in which they occur 
to produce the overall reaction which is ordinarily 
observed—must be elucidated to learn which steps 
are the slow ones, or “bottlenecks,” that fix the pace 
of the process as a whole. In the desulphurization 
reaction, for example, the overall rate might, in 
principle, depend upon the rate of diffusion of sul- 
phur in the metal or in the slag, upon the speed of 
some homogeneous reaction taking place entirely 
within one of the phases, or upon some heterogeneous 
reaction taking place across the slag-metal interface. 
Even some side reaction or the back reaction might 
have some influence. Evidence on all of these points 
will be presented in this paper. 

The rate of diffusion of sulphur in both iron and 
slag is so slow that it seems necessary to assume 
that convection provides the mechanism of carrying 
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sulphur to and from the interface. Holbrook, Furnas, 
and Joseph* found the diffusion constant for sulphur 
in carbon-saturated liquid iron to be of the order of 
0.0001 cm’ per sec,* and data reported here provide 


*The authors acknowledge the discussion of L. S. Darken in 
reporting this constant. The relation between the diffusion coeffi- 
cient, D, in cm2 per sec, and K, of reference 3, is D = 7K/100, 
where 7 is the density of liquid iron. 


an upper limit for the diffusion constant for sulphur 
in molten slags. 

It will be shown that the net rate of desulphuriza- 
tion of iron by slag is directly proportional to the 
area of slag-metal interface. Then, since the reaction 
is interface controlled, it was of interest to learn the 
nature of the reaction occurring there. The experi- 
ments indicated that iron and sulphur leave the 
metal and enter the slag together. Because the slags 
sometimes contained relatively large amounts of 
iron, it was necessary to prove that the iron in ques- 
tion was chemically combined and not entrapped 
metallic iron. This lead both to interesting observa- 
tions concerning reactions involving iron and sul- 
phur within the slag phase and to evidence on the 
origin of droplets of metallic iron in the slag which 
is contrary to the interpretation given by Holbrook 
and Joseph* in their classic paper on the desulphur- 
izing power of blast furnace slags. 

These various experiments support the view that 
sulphur originally present in the iron is transferred 
across the interface into the slag in combination with 
iron, and the sulphur then is stabilized in the slag 
by combination with calcium. The iron oxide result- 
ing from this slag phase reaction is in turn reduced 
to iron by carbon. The process may be described 
schematically as the following sequence: 


1. FeSa.) = FeS (slag) 
2. FeSce1agy = CaQ cerag) = CaSieraz =r FeO stag) 
3. FeO stag) =F Cemisinio ora Fe ar COG 


or metal) 

Steps 1 and 3 are heterogeneous and 2 is homo- 
geneous. 

The foregoing sequence of reactions has long been 
surmised, as will be noted in the following section, 
but detailed quantitative observations have hereto- 
fore been lacking. 


Literature Survey 


__ The general problem of desulphurization in iron 
and steelmaking has been the object of so many 
reviews and discussions that it does not seem appro- 
priate to make an exhaustive literature survey here. 
Only the more recent papers dealing with those 
phases of the problem which are pertinent to this 
investigation of the mechanism and kinetics of sul- 
phur transfer under reducing conditions will be 
cited. 

Holbrook and Joseph* measured the relative de- 
sulphurizing powers of blast furnace slags without 
reference to equilibrium conditions. They made many 
observations on the mechanism and noted that there 
was an evolution of gas, presumably CO, which 
accompanied sulphur transfer. They also found an 
accumulation of sulphur at the slag-metal interface 
and surrounding the gas bubbles in the slag. Iron 
beads or pellets were found in the slag when the 
system contained sulphur, but not when the system 
was sulphur-free. These iron pellets were almost 
completely desulphurized. The movement of metal 
beads into the slag by the action of the gas bubbles 
was explained by Holbrook and Joseph as follows: 


A bubble of CO, formed at the slag-metal interface 
by the reaction FeO + C = Fe + CO, remains at- 
tached to the metal bath until it grows so large that 
its buoyancy in the slag causes it to leave the metal 
and rise into the slag. The CO bubble apparently ~ 
carries small particles of molten iron with it into 
the slag, where they are desulphurized. 

Herty and Gaines’ state that the key to the proc- 
ess of sulphur elimination is the relative oxidation 
of the slag, with low FeO and MnO, high CaO, and 
high temperature favoring desulphurization. An- 
other necessary factor is the proper means of ab- 
sorbing sulphides from the metal by the slag. Since 
it is assumed that desulphurization takes place at 
the interface between slag and metal and in the slag 
but not in the metal, it is necessary that sulphur be 
transferred from metal to slag in order for the de- 
sulphurizing reactions in the slag to take place. 

It is concluded by Wiist® that the major portion of 
sulphur removal in the blast furnace occurs while 
the metal is passing through the slag and a negligible 
part while slag and metal exist as contiguous layers 
in the hearth. This idea is substantiated in part by 
diffusion studies of sulphur in molten iron made by 
Holbrook and coworkers,’ who observed that the 
diffusion of sulphur in liquid iron is extremely slow. 

Chang and Goldman’ measured the rate of sul- 
phur transfer across a slag-metal interface and 
found that the rate from slag to metal was nearly 
independent of slag composition, while that in the 
reverse direction increased with increase in basicity. 
They also observed that there was a very definite 
color change in the quenched slag samples during 
the course of any one experiment. The color changed 
from colorless, through green, yellow, orange, brown 
to black as desulphurization proceeded. In the field 
of colored glasses, ferrous sulphide is known as a 
strong color producer, yielding yellow, orange, 
brown, blue, and black. Martin, Glockler, and Wood’ 
investigated the form of sulphur in blast furnace 
samples which had been quenched and which con- 
tained ferrous, manganese, and calcium sulphide. 
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Fig. 1—Schematic diagram of crucible assembly 
for sulphur diffusion in slag. 


1112—JOURNAL OF METALS, SEPTEMBER 1950, TRANSACTIONS AIME, VOL. 188 


Table I. Sulphur Diffusion at 1600°C 


Nominal Slag Composition: SiOz 37.1 pet, AleOg 14.1 pet, CaO 45.3 
pet, MgO 3.5 pet—based on weights of dried oxides. Sufficient 
CaS was added to give about 2 pet S in the high-sulphur slag. 


Run 1, 5 min at temperature Run 3, 6 hr at temperature 


Section No.| Sample Wt] S, Pct | Section No. Sample Wt| S, Pct 
2 0.0732 1.86 5 0.0659 1.80 
3 0.0545 1.95 6 0.0468 1.84 
4 0.0617 1.93 7 0.0477 1.86 
5 0.0566 1.90 8 0.0609 1.88 
6 0.0461 1.84 9g 0.0510 1.78 
7 0.0541 1.08 10 0.0723 1.10 
8 0.0891 0.03 AL 0.0643 0.26 
9 0.0866 0.0 12 0.0506 0.0 

10 0.1022 0.0 13 0.0429 0.0 
11 0.0973 0.0 14 0.0614 0.0 
15 0.0491 0.0 
17 0.0532 0.0 


They found that ferrous sulphide caused rapid color 
changes and that the amount of FeS required to 
form a colloid was about 0.03 pct. The color of slags 
containing more than 0.25 pct sulphur as calcium 
sulphide ranged from light yellow to deep orange. 
It appears that the slags used in this investigation 
contained FeS, and this points to the probable 
mechanism of sulphur transfer as being a direct 
transfer of ferrous sulphide. Philbrook, Goldman, 
and Helzel* showed that the calcium content of iron 
under conditions similar to those in sulphur transfer 
experiments is so low that it is highly improbable 
that any effective combination of calcium and sul- 
phur can be formed within the metal. 


Diffusion 

The first step in this investigation was the de- 
termination of a limiting value for the rate of diffu- 
sion of sulphur in slag. The experimental procedure 
was as follows: A graphite crucible, shown sche- 
matically in fig. 1, 5/16 in. ID, 1%4 in. OD, 6 in. deep, 
was used to melt a 3 in. column of low-sulphur slag, 
and, after all gas evolution ceased, the crucible was 
cooled to about 950°C in a small pot furnace. A 
high-sulphur slag was then poured over the low- 
sulphur slag, and the crucible containing the couple 
was placed in an induction furnace holding a graphite 
container near the temperature desired for the diffu- 
sion run. Temperature was measured by means of 
a tungsten-molybdenum thermocouple placed in a 
hole extending from the top of the crucible 3 in. 
down into the crucible wall. The furnace design 
gave a uniform temperature region over the entire 
length of slag column. After a definite time interval, 
the power was shut off, and the furnace was cooled 
more rapidly at the bottom than at the top to give 
progressive freezing and thus prevent stirring and 
piping. The graphite crucible and slag column were 
then sliced into sections about % in. long. Observa- 
tions of the slag near the couple interface indicated 
that the joint was very clean, with no graphite 
- present to interfere with diffusion. Each sample was 
analyzed for sulphur content. Table I gives data for 
two typical runs in which all experimental condi- 
tions were under satisfactory control. Diffusion 
curves are plotted in fig. 2. 

Run 1, in which the slag was at temperature for 
only 5 min, was intended to serve as a blank. It 
indicates the amount of disturbance to be expected 
at the interface as a result of melting and freezing, 


without allowing time for diffusion. Run 3 was com- 
parable with run 1 in every way except that the 
couple was held at temperature for 6 hr, which ap- 
proached the longest time during which conditions 
could be maintained sufficiently constant to be con- 
sidered reliable. It is apparent from fig. 2 that the 
differences between runs 1 and 3 are so slight as to 
be insignificant and that diffusion of sulphur under 
these conditions is too slow to be measured by this 
type of experiment. 

The principal limitations to the accuracy of the 
determination of the rate of diffusion of sulphur in 
slag by this method are the influence of melting and ~ 
freezing on the shape of the interface and the size 
of the section which can be removed from the slag 


couple by the carborundum cutting wheel. 


The particular solution of the general (Fick’s law) 
diffusion equation which satisfies the initial and 
boundary conditions of this experiment ‘is the fol- 


lowing: 
oa 2\/Dt 


where C is the concentration -at some distance x 
from the interface after diffusion time t; C, is the 
difference between initial concentrations of sulphur 
in high and low-sulphur slag; D is the diffusion co- 


x 
2\/Dt 


efficient, cm” per sec; and p ( ) is Gauss’ error 


integral.” 

The minimum rate of diffusion which could be 
measured by the present technique may be esti- 
mated in the following way. The limits of accuracy 
and of measurement are such that it is reasonable 
to assume that a change of sulphur concentration 
(due to diffusion) of 5 pct of the maximum spread 
in sulphur content between high and low-sulphur 
slags could be detected at a distance of % in. from 
the interface. By substituting these limits of detec- 
tion into the diffusion equation for a time of 6 hr, 
the limiting value of D which could be measured is 
obtained: 

Ca 0 95ne. 


at x = —% in. = —0.32 cm 
and t = 6 hr = 21,600 sec 


(en 0.32 
0.95 C= i=» er a eee } 
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D = 9x10" cm’ per sec 


% S in slag 


Fig. 2—Diffusion penetration curves. 


Blank run 1, 5 min, 1600°C. 
— O—— Diffusion run 3, 360 min, 1600°C. 
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moles/100 gms. slag x 10> 


Concentration of Fe and S in slag 


Time, minutes 


Fig. 3a—Rate curves for iron and sulphur in slags, 
experiment 63, table IV. 
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Concentration of S and Fe in slag 
moles/I0O gms. x 10° 


Time, minutes. 


Fig. 3b>—Rate curves for iron and sulphur in slags, 
experiments 1 and 2, table III. 


The measured diffusion coefficient, calculated 
from the data of experiment 3, was D = 6 x 10° cm” 
per sec for C = 2.02 pct sulphur at x = —% in. 
This was the largest value of D which was observed. 
In view of the fact that the slags were rather fluid 
at 1600°C, it is entirely possible that the small pene- 
tration of sulphur observed may have been caused, 
at least in part, by stirring rather than by diffusion. 
This would have the effect of giving an observed 
value of D higher than the true value. Thus it may 
be concluded that the diffusion constant for sulphur 
in slags of the composition studied is less than 10> 
cm’ per sec. This is about ten times less than the 
diffusion coefficient of sulphur in carbon-saturated 
iron.’ In order to account for observed rates of de- 
sulphurization, it must be concluded that sulphur 


Table Il. Initial Rates of Sulphur Transfer Reaction 
(Graphite Crucible) 


Ex- Inter- Initial 
peri- |Graphite| face Sin | Slag 
ment |Crucible,| Area, |Temp,| Wre, | Iron, | Wt, | Time, 
No. ID, cm cm2 °C £ £ £ Min K 
2.54 5.1 | 1,580 | 104.5 4 | 29.6 5 0.0070 
8 2.54 5.1 | 1,580 | 101 0.99 | 30.0 uF 0.0061 
24 2.54 5.1 | 1,580 | 101 57 | 30.2 7.2 | 0.0057 
1.90 2.8 | 1,580 64.7 | 0.72 19:7 6.8 | 0.0059 
3.81 11.4 | 1,580 | 202 60.3 5.75 | 0.0057 
avg. | 0.0060 


concentration gradients in slag and metal are dis- 
sipated by convection rather than by diffusion. 


Influence of Interface Area on Sulphur Transfer 


Although most investigators have either inferred 
or postulated that sulphur transfer is an interface 
reaction, direct quantitative proof of this is incom- 
plete. This evidence is augmented by the following 
experiments made under conditions similar to those 
already described by Chang and Goldman.’ If the 
rate of sulphur transfer from metal to slag is pro- 
portional to the sulphur concentration in the metal 
and to the interfacial area, then it can be described 
by the following equation: 


ds S x 100 
— —— = KA ——. 
dt Wyre 


where, S is total amount of sulphur in the metal 

phase at any time, g; A is area of the slag-metal 

interface, cm’; t is time in min; K is rate constant, 

g per (min) (cm)’ (unit concentration, wt pct, of 

sulphur in iron); and W,, is weight of iron, g. 
Integration of this equation gives: 


Wire So 
Re a0 Ad se 


where, S, is total amount of sulphur in the iron at 
= 0, and S, is total amount of sulphur in the iron 
at time tf. 

Assume that in the early stages of the process, 
the sulphur transfer in the reverse direction from 
slag to metal is relatively small and can be neglected. 
Table II shows the calculated values of K for several 
different runs with the same nominal slag composi- 
tion (39 pct SiO., 47 pet CaO, 14 pct Al.O;) but with 
initial sulphur contents of the iron covering a 
nominal range of 0.5 to 2 pct and the interfacial 
area showing a fourfold increase from 2.8 to 11.4 
cm’. The excellent consistency of the rate constant 
K for this range of conditions confirms the belief 
that sulphur transfer is indeed an interface-con- 
trolled reaction. This same conclusion was indicated 
by the Chang and Goldman work’ in which the same 
specific rate constants were found for runs in both 
stationary and rotating crucibles, although the net 
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Concentration of Fe and S in slag 
moles/IOO gms. slag x 107 


Time, minutes 


Fig. 4—Effect of temperature on rates of transfer 
of iron and sulphur. Experiments 1 and 2 at 1620°C, 
experiment 27 at 1520°C, 1530 slag. 
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rate of sulphur transfer was less with stationary 
crucibles because of the smaller slag-metal inter- 
face. 

Iron Transfer 


The preceding sections have established that the 
rate of desulphurization is controlled by a slag- 
metal interface reaction. The details of the mecha- 
nism of this reaction have been investigated by 
observing changes in iron content of the slag co- 
incident with sulphur transfer. 


Slag-Metal Reactions: Experimental Procedures 
and Equipment: The induction-heated graphite cru- 
cible and methods of sampling slag and metal were 
the same as those described by Chang and Gold- 
man* except that the crucible was enlarged to pro- 
vide more material for sampling. The crucible used 
for this work was 2% in. ID and 5 in. deep. 

The experimental procedure consisted of melting 
530 g of ingot iron in a graphite crucible and satu- 
rating with carbon, introducing approximately 1 pct 
sulphur as FeS, then adding 80 g of solid, prefused 
slag. Samples were taken at definite time intervals 
and analyzed for iron and sulphur. In some experi- 
ments, the slag was melted separately and then 
poured onto the molten iron to define the starting 
time more clearly. 

Data and Discussion: The experiments and per- 
tinent data are listed in table III. Some typical 
curves showing the time dependence of iron and 
sulphur transfer are shown in figs. 3 to 6. Two 
typical complete experiments are shown in figs. 3a 
and b. It is seen that there is a rapid initial increase 
of both iron and sulphur content of the slag, but 
that while the sulphur approaches a high steady 
value asymptotically, the iron passes through a 
maximum and approaches a low final value cor- 


Table III. Iron Transfer Data 


Time to 
Reach 
Ex- Max. Max. Pct | Nominal 
peri- Total Pct Fe Fein Initial Slag 
ment Temp, Time, in Slag, Pet S Desig- 
No. °c Min Slag Min in Iron nation* 
1 1,620 150 1.50 45 1 1530 
= 1,620 180 1.68 12 ig 1530 
1.35 45 
3 1,620 121 4.30 32 u 1549 
- 3.40 120 
5 1,620 180 4.87 120 1 1549 
6 1,610:.= 180 2.71 ah E 1549 
7 1,620 180 1.2 12 0.03 1530 
8 1,620 150 0.610 — 32 0.03 1530 
9 1,620 180 0.511 90 0.03 1549 
10 1,620 180 0.511 13 0.03 1549 
11 1,570 120 0.587 12-33 1 1530 
12 1,580 120 0.976 2. 1 1530 
2} 1,560 120 0.941 60 1 1530 
14 1,540 120 0.244 32-45 1 1530 
15 1,520 120 0.689 60 1 1530 
16 1,510 120 0.383 45 1 1530 
18 1,560 80 0.355 8 0.03 1549 
29 1,585 20 0.350 14 0.03 1549 
30 1,580 20 0.344 4 0.03 1549 
33 1,550 20 0.303 18 0.03 1530 
34 1,540 20 0.340 2 0.03 1530 
22 1,540 20 0.859 zs i 1530 
23 1,560 20 0.569 a 1 1530 
24 1,600 20 1.322 =* 1 1549 
25 1,575 20 BE5o) dad 1 1549 
27 1,524 20 0.890 =< 1 1530 
28 1,600 20 1.546 =% 1 1549 


ree are mie ee Te 
*In this code, the first two digits represent pet AlsOs, the last 
two digits pet CaO; for example: Slag 1530= 15 pct AlsOs, 30 


CaO, 55 pet SiOz (bal.). : 
ae ee eunents were terminated at the end of 20 min, dur- 


ing which time no maxima were observed. 


moles /IOO gms. x 10° 


Concentration of S & Fe in slog 


Time, minutes 


Fig. 5—Effect of slag composition on rates of 
transfer of iron and sulphur. 
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Fig. 6—Effect of sulphur in the iron on rates of 
iron transfer. 
O Initial pet S in iron = 0.85, experiments 24 and 25. 


@ Initial pct S iniron = 0.03, experiments 29 and 30. 
1549 slag Temp = 1580°C. 


responding to the equilibrium value observed by 
Hatch and Chipman.* Within the entire range of 
slag composition and temperature studied, the rela- 
tive amounts of the iron and sulphur varied con- 
siderably during the initial stage, but the maximum 
in the iron curve always appeared. Figs. 4 to 6 show 
the influence of temperature, slag basicity, and 
initial sulphur content of the iron on the initial 
stages only. From these it may be observed that: 
(1) The amount of sulphur transferred increases 
with temperature, slag basicity, and sulphur in the 
iron, in agreement with most previously published 
work. (2) The initial rate of iron transfer varies in 
the same manner as the sulphur. (3) The iron con- 
tent of the slag passes through a maximum and 
finally reaches some steady low value which ap- 
pears to be independent of the sulphur content. (4) 
The magnitude of the maximum in iron content and 
the time at which it occurs are erratic. 

The above relations between iron and sulphur in 
the slag indicate that the sulphur enters the slag 
from the metal as some iron-sulphur compound. 


“The maximum in the iron curve indicates further 


that this compound disappears through reaction with 
other constituents in the slag. When the rates of 
such a series of consecutive reactions are compar- 
able, it can be shown by classical chemical kinetics 
that a maximum will occur when the concentration 
of the intermediate product is plotted against time.’ 
The series of reactions 1, 2, 3 suggested in the intro- 
duction would provide a satisfactory model for the 
experimental observations if it is assumed that the 
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Table IV. Data on Reduction of Slag in Carbon and Non-Carbon Systems 


A—Composition of Initial Slags 


Slag Composition, Pct 


Ex- 
peri- 
ment 
No. Al2O3 CaO SiOz Ss Fe 
63 14.6 42.0 42.0 lat 2.7 
66 14.0 30.8 52.0 0.4 1.4 
B—Data on Remelted Slags 
Ex- Final Analysis, Wt Pct 
peri- i 
ment Initial Crucible Temp, Time, 
No. Slag Ss Fe Al2O3 CaO SiOz Material °C Min Remarks 
: 1.3 17.5 39.9 42.0 Graphite 1,500 15 Iron bead, 0.6 g 
va 63 10 3 13.9 43.4 39.9 Graphite 1,580 105 Iron bead, 1.2 g 
75 63 1.2 2.0 29.4 40.4 25.3 Graphite 1,600 390 Iron bead, 1.1 g 
115 63 1.2 0.19 19.7 39.0 39.0 Graphite 1,600 90 Scattered beads 
119 63 1.4 0.17 18.5 39.4 41.2 Graphite 1,600 90 Scattered beads 
120 63 1.0 0.27 18.8 39.3 39.7 Graphite 1,600 90 Scattered beads 
79 63 3.6 24.0 24.0 34.0 BeO 1,600 60 No beads 
95 63 0.5 0.87 6.9 59.0 33.0 CaO 1,600 60 No beads 
96 63 0.41 1.1 7.8 58.0 30.0 CaO 1,600 60 No beads 
72 63 0.46 1.4 17.3 38.9 40.4 Pt 1,300 5: No beads 
90 66 0.4 1.4 19.0 30.2 49.0 Graphite 1,600 (PA Iron bead, 0.11 g 
110 66 0.4 0.4 14.5 251 59.0 SiOz 1,600 60 No beads 
111 66 0.4 0.6 13:5 22.9 60.1 SiOz 1,600 60 No beads 


rate of the homogeneous slag reaction. 2 is very 
much greater than the rates of the heterogeneous 
reactions 1 and 3. 

Slag Reactions 


In order to learn more about the observed be- 
havior of iron in slag, a detailed study of the be- 
havior of iron and the form of occurrence of iron 
and sulphur in slags of two compositions was made 
by the following experiments: (1) Slag containing 
iron and sulphur was remelted over low-sulphur 
iron. (2) The same slag was remelted in the absence 
of iron under both neutral and reducing conditions. 


MAGNETIC 
EXTRACT 


c 3.64 
S 0.95% 


INITIAL 

(s)/(S] = 36 
CARBON- FINAL 

SATURATED |(S)/([S] =. 3 
IRON 


REVERSE 
TRANSFER 


INITIAL 
(s)/ [S] = 30 
FINAL 
(s)/(s) = 20 


REDUCED 
SLAG 


REACTED 
SLAG 


REVERSE 
TRANSFER 
Sie arg 
Fe 1.3% 
CLEAR 


Sige 
Fe 2.7% 
OPAQUE 


CARBON- 
SATURATED 
IRON 


REMELT_IN 
GRAPHITE 
WITHOUT METAL 


IRON BEADS 


& <b 


REMELT IN 
REFRACTORY 


Fig. 7—Flowsheet of experimental procedures 
used in iron transfer experiments. 
Starting material from experiment 63. See tables IV, V, and VI. 


(3) Slags which had been treated by step 2 were 
‘remelted over low-sulphur iron. 

The results indicate that the iron analyzed in the 
slag was chemically combined and not mechanically 
entrapped metallic iron. 


Experimental Procedure: A charge of 3630 g of 
ingot iron was melted in a 6 in. OD, 4% in. ID, 5% 
in. deep graphite crucible with cover. After the iron 


had become saturated with carbon, 150 g of ferrous 
sulphide was introduced to give about 1 pct sulphur 
in the iron. 

A metal sample was taken by means of a 12 in. 
length of 4% in. ID fused silica tube to which was 
attached a rubber suction bulb. Then a charge of 
prefused, crushed slag was added and after it was 
molten, slag samples were removed at 10-min inter- 
vals by means of copper samplers described else- 
where.” At the end of the run, a final metal sample 
was taken, after which all of the slag was removed 
from the crucible by hot-dipping. The heat log 
showed that the iron content of the slag was near 
its maximum at this time. The slag samples and the 
entire quantity of final slag were crushed, screened 
through a 100-mesh sieve, and cleaned magnetically. 
They were analyzed for S, Fe, Al.O;, SiO., and CaO. 
The magnetic fraction of the slag was analyzed for 
C, S, and Fe. The iron samples were analyzed for 
S, Si, and-C. 

The magnetically cleaned, final slag from such a 
heat will be referred to as a “reacted slag.” Two 
such slags, 63 and 66, were made to represent acid 
and basic compositions; their analyses appear in 
table IV. Portions of the reacted slag were subjected 
to the sequence of experiments portrayed by the 
flowsheet, fig. 7. Samples of this reacted slag were 
remelted over a bath of carbon-saturated, low- 
sulphur iron to study the transfer of sulphur from 
slag to metal. Similar samples were melted in 
graphite without iron and also in refractory cruci- 


Table V. Data on Metal Samples from Slag Reduction 


Experiments 
a noe Ee 
C, Pct S, Pct 
Reduced Pellets 0.81 0.058 
Magnetic Extract 3.59 0.95 
Iron Bath 4.0 ~1 
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Table VI-A. Sulphur Transfer from Reacted Slag No. 63 
Temp, 1500°C 


Sulphur, Pct (S)/[S] 
Ex- 
peri- Ini- Ini- 
ment Time, tial Final tial Final Ini- 
No Min Metal Metal Slag Slag tial Final 


bles such as BeO, SiO., CaO, and Pt to study the 
reduction or coagulation of iron from the slag. 


Pertinent data from these experiments are listed in _ 


tables IV, V, and VI. 


Discussion: Several significant factors have ap- 
peared as a result of these experiments: (1) When 
a reacted slag containing approximately 1 pct S was 
placed over a bath of carbon-saturated iron con- 
taining only 0.045 pct S, there was the expected 
transfer of sulphur from the slag to the iron, indi- 
cating that the preparation and remelting of the 
reacted slag did not alter it in any fundamental 
way. (2) When a reacted slag containing 1 pct S 
and 2.7 pct Fe was remelted in a graphite crucible 
without an iron bath, beads of iron were formed. 
(3) When the same reacted slag was remelted in 
BeO, SiO., CaO, or Pt crucibles, no beads of iron 
were formed. 

These experiments were repeated several times 
with the same results. The iron beads from several 
such slags were combined to give the required 
weight for analysis. Analysis showed 0.8 pct C and 
0.06 pet S. It is noteworthy that the sulphur con- 
tent of the reduced slag remained at about 1 pct, 
whereas the iron content decreased to a value of 
1.3 pet. These results indicate that the beads resulted 
from reduction of the combined iron in the slags 
rather than agglomeration of dispersed metallic 
iron, for no iron pellets were produced in the carbon- 
free systems. It should be noted also that the carbon 
and sulphur contents of the pellets reduced from 
the slag were much lower than the analysis of the 


magnetic extract from the reacted slag, table V. The — 


magnetic extract was comparable to the iron bath. 
It was observed that when these high-sulphur slags 
were remelted in graphite under helium, they 
changed from a black, opaque material to an almost 
colorless glass after the iron was reduced, whereas 
there was no change in appearance after remelting 
under neutral conditions. 

An additional and most interesting observation 
may be made by contrasting table VI-B with table 
VI-A. When a reacted slag was placed over a new 
bath of low-sulphur iron, the result was that ex- 
pected of a sequence of reversible reactions, namely 
the net rate of sulphur transfer was greater from 
slag to metal under these circumstances, and a com- 


Table VIL. Correlation Coefficients for Iron and Sulphur 


in Slag 
UE Ae ne PT SIS se Se se 
t Sla Correlation 
eaters Rect idos Coefficient Slope 
2223.27 | 1530 (acid) 0.98 1.7 
349808 1549 (basic) 0.05 0.02 


TY Ss (GSS LO a a 


Table VI-B. Sulphur Transfer from Reduced Slag 
(Starting material, slag from No. 63) 


Sulphur, Pct (S)/[S] 

Ex- 

peri- Ini- Ini- 

ment Time, tial Final tial Final Ini- 
No. Min Metal Metal Slag Slag tial Final 
116 60 0.0 0.062 1.15 1.15 29 18.6 
117 60 0.04 0.060 TiS 1.55 29 25.8 
118 60 0.04 0.046 1.15 1.21 29 26.3 
121 60 0.04 0.082 115 0.838 29 10.2 
122 60 0.04 0.088 p Ps 0.765 29 8.7 
123 60 0.0 0.083 1.15 1.088 29 13.1 


paratively low ratio of (S)/[S] was -reached after 
an hour’s reaction time. On the other hand, when 
the reacted slag had been reduced first by remelting 
in graphite, it showed a greatly diminished tendency 
to transfer sulphur to a new bath of low-sulphur 
iron. The reduction of iron from the slag apparently 
stabilized the sulphur content of the slag. 

A final interpretation of this phenomenon will not 
be offered at this time because more extensive 
investigation is being made. The observation does 
not seem to be inconsistent with the proposed 
mechanism. If reaction 3 has been driven nearly to 


moles per 100 gms.x 103 


Concentration of iron in slag 


Concentration of sulfur in slag 
moles per 100 gms. x!0> 


Fig. 8—Concentration of sulphur vs. concentration 
of iron in acid slags. 


Determined by least squares. 
——— 20 limits 


moles per 100 gms. x !0> 


Concentration of iron in slag 


Concentration of sulfur in slog 
moles per !0Ogms.x 10> 


Fig. 9—Concentration of sulphur vs. concentration 
of iron in basic slags. 


Determined by least squares. 
— — — 20 limits 


completion by isolating part of the system, then 
reactions 2 and 1 can proceed in the reverse direc- 
tion when the system has been reconstituted only 
in so far as oxygen (represented as FeO in the 
equations) may be available. 


Kinetics of Reaction Mechanism 


Information on the relative rates of the three re- 
actions involved in the desulphurization mechanism 
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can be obtained by consideration of the relation be- 
tween iron and sulphur in the slag during the initial 
stages of the process. Data from the first 20 min of 
the various experiments in the previous sections 
are included in fig. 8 for acid slags and in fig. 9 for 
basic slags. Molar concentrations have been used. 
In these figures the lines were fitted by the method 
of least squares and the 2 o limits are also shown. 
It is apparent from figs. 8 and 9 that: (1) The slope 
of the line for acid slags is much greater than that 


— 570°C 
------ 530°C 


(cc) 


Volume of CO evolved 


40 80 120 160 200 240 280 320 360 
Time, minutes 


Fig. 10—Effect of temperature and sulphur con- 
centration of the iron on the rate of evolution of 
carbon monoxide gas. 


for basic slags (see table VII). (2) The absolute 
values of the concentration of iron and sulphur are 
higher in the basic than in the acid slags. (3) The 
correlation between iron and sulphur is high in acid 
slags, but apparently absent in basic slags (see table 
VII). These features will be discussed in terms of 
the desulphurization mechanism in which reactions 
land 3’are heterogeneous while reaction 2 is homo- 
geneous. 

Since heterogeneous reactions are usually slower 
than homogeneous reactions, 1 and 3 may be thought 
of as the rate-controlling reactions for sulphur 
transfer. Reaction 1 represents the input of iron and 
sulphur to the slag and 3 represents the output of 
iron from the slag. The slope 1.7 for the acid slags 
as compared to 0.02 for the basic slags indicates 
that in the acid slags the initial rate of input of iron 
to the slag per unit of sulphur, reaction 1, is greater 
than the rate of output of iron from the slag, re- 
action 3, because the low activity of CaO prevents 
the formation of FeO by reaction 2. In the basic 
slags, however, there is little correlation between 
iron and sulphur because reactions 2 and 3, which 
determine the iron output, proceed so rapidly that 
the iron content of the slag actually is determined 
by its state of oxidation rather than its sulphur con- 
tent. Since iron and sulphur transfer together 
initially, the absolute values for both iron and sul- 
phur must be greater in the case of a slag contain- 
ing large quantities of lime. The equilibrium of 
course requires that the final sulphur values shall 
be higher in the basic slag. No effect of temperature 
was observed on the slope of the lines in figs. 8 and 
9. : 

The various observations described in the preced- 
ing sections indicate strongly that the iron pellets 
found in the slag after sulphur transfer result from 
chemical reduction of oxidized iron in the slag 


phase. This reduction could occur at either the slag- 
metal or slag-graphite interface. The majority of 
the pellets were found near the graphite crucible 
walls and this was also reported by Holbrook and 
Joseph,‘ so the graphite interface is apparently the . 
more important one. Contrary to the latter authors’ 
interpretation, it does not seem likely that the pellets 
were pulled from the iron bath by the CO gas 
evolved, for the desulphurizing process is not rapid 
enough to produce the low sulphurs found in these 
pellets during their short transit through the slag. 
The pellets contained equilibrium sulphur because 
they are actually produced by reduction from the 
slag. 
Gas Evolution 


The discussion up to this point has indicated a 
reaction mechanism which finally requires the re- 
duction of iron oxide in the slag with the evolution 
of CO gas, according to reaction 3. This gas evolu- 
tion has been observed by most investigators, but 
again, a detailed study of the factors determining 
the rate of gas evolution is required. 


Experimental Procedure: The equipment for these 
experiments consisted of a graphite crucible 1 in. ID 
and 4 in. deep, surrounded by a layer of graphite 
powder contained in an alundum thimble. The en- 
tire setup was enclosed in a fused silica tube with 
suitable outlets to a vacuum pump, two gas burettes, 
and a helium or nitrogen tank. 

An ingot iron charge (106 g) was melted in the 
graphite crucible together with 3.2 g of FeS. After 
melting, the system was closed, evacuated to about 
2 mm Hg pressure, and then flushed several times 
with nitrogen or helium. A charge of 16 g of pre- 
fused slag, contained in an iron cup and attached to 
the end of the thermocouple protection tube, was 
then lowered into the iron bath, thus determining 
the starting time of the experiment. The volume of 
gas evolved was measured by the gas burettes, and 
gas samples were analyzed for CO, and CO and 
found to be only CO. No sulphur could be detected 
in the gas. The iron was analyzed for Si and S, and 
the slag for S, Al,O:, CaO, Si0., and Fe. Tempera- 
tures were measured with a calibrated platinum— 
platinum-rhodium thermocouple, dipped into the 
slag. 


Data Results: Effect of Temperature, Slag Com- 
position, and Sulphur Content in the Metal During 
Sulphur Transfer: Typical data from these experi- 
ments are shown in table VIII and plotted in fig. 10. 
The curves show that CO evolution is favored by 


Table VIII. Effect of Temperature, Slag Composition, 
and Sulphur Content in the Metal on Rate of Gas 
Evolution During Sulphur Transfer 


Ex- Initial Initial Final 
peri- Slag Total Pet S Pet Si 
ment | Designa- | Temp, Time, Vol, in in 

No. tion °C Min ec* Metal Metal 

53 1831 1,570 331 3,900 0.8 0.951 
54 1831 1,570 329 2,275 0.03 0.884 
56 1831 1,500 309 1,800 0.8 0.402 
57 1831 1,500 309 1,350 0.03 0.439 
58 1831 1,530 307 2,250 0.8 0.613 
59 1831 1,530 307 1,400 0.03 0.519 
60 1831 1,530 204 2,200 1.6 0.500 
41 1951 1,520 136 600 0.8 0.02 

42 1951 1,530 422 1,250 0.8 0.210 
44 1951 1,560 168 850 0.8 0.042 
45 1951 1,590 242 1,200 0.8 0.148 


* Standard temperature and pressure. 
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high temperature and by high sulphur in -the iron, 
the same factors which favor sulphur transfer. These 
facts establish that CO evolution is associated with 
the sulphur reaction. On the other hand, significant 
amounts of CO were evolved in blank runs when 
the iron contained only 0.03 pet S, and the sulphur 
reaction alone cannot account for this gas. Side re- 
actions, such as the reduction of silica in the slag, 
must be responsible for this discrepancy, but a satis- 
factory material balance for CO on the basis of con- 
ventional slag and metal analyses has not yet been 
achieved. This and other phenomena connected with 
gas evolution are the subject of a current research 
program which will be reported separately. 


Slag Constitution 


The experiments of the previous sections provide 
a picture of sulphur transfer involving an iron- 
sulphur compound as an important intermediate in 
the process. Although no further direct evidence is 
available, it is pertinent to visualize the role of this 
intermediate in terms of the more recent pictures 
of slag constitution.°” The slag may be regarded as 
a network of silicate tetrahedra with the small, 
highly charged silicon ions at the centers of tetra- 
hedra and oxygen ions at the corners. Each corner 
is shared by two tetrahedra except where the link- 
age is broken by larger calcium and ferrous ions. 
Although not exhibiting the complete regularity of 
crystals, these slags approach an arrangement of 
the closest possible packing of the constituents in 
a statistical manner. From consideration of chemical 
similarity, it might be expected that sulphur would 
substitute for oxygen when it enters this network, 
‘but spatially it has a larger diameter than oxygen, 
which might require a high activation energy for 
the process. Similarly, iron should substitute for 
calcium, and it can do this readily because it has a 
smaller diameter. These compensating volume effects 
thus facilitate the entrance of. sulphur into the sili- 
cate network when it is combined with iron instead 
of calcium. This can be followed by a rearrange- 
ment within the slag in which the sulphur will be- 
come bound statistically to calcium rather than iron, 
the latter becoming an oxide rather than a sulphide. 
This is the end state required for thermodynamic 
equilibrium.” “ The iron-sulphur combination thus 
plays the characteristic role of an intermediate com- 
pound in facilitating the process without remaining 
as a final product. The diameters of the various ions 
under discussion are as follows:” 


Ion | Diam, A Ion Diam, A 
Fet+ 1.50 E 2.80 
Cat+ 1.98 = 3.68 

—-Sitt+ 0.82 
Summary 


Based largely on experimental evidence, a de- 
tailed picture has been developed for the mechanism 
of: sulphur transfer between iron and slag in equi- 
librium with a graphite crucible. 

1. Diffusion of sulphur in an Al,O,-SiO,-CaO slag 
is so slow at 1600°C that concentration gradients 
are eliminated by convection rather than diffusion. 

2. The area of the slag-metal interface is a de- 
termining factor in the rate of the process. -— 

3. Iron transfers across the interface. with sul- 
phur. The time curve for iron in the slag contains 


a maximum which can be interpreted as showing 
that the iron-sulphur compound is an intermediate 
rather than an end product of the reaction. 

4, The analyzed iron in the slags in these experi- 
ments was chemically combined iron, not mechani- 
cally entrapped, metallic iron. 

5. The iron pellets resulting from desulphuriza- 
tion are produced by the reduction of combined iron 
in the slag rather than the entrainment of parts of 
the metal bath by CO evolution. 

6. The rate of gas (CO) evolution accompanying 
the sulphur reaction increases with temperature 
and with the sulphur content of the iron. 

7. The experiments provide quantitative proof 
and an elaboration in detail of the most widely 
accepted mechanism for desulphurization under re- 


~ ducing conditions: 


i FeS ae) ee FeS¢e1agy 
2. FeS¢eias) + CaO ceragy 2 CaSceiagy + FeO eis 


3. FeOceiagy AF Conaiie <7 Fe -+ COG. 


or metal) 
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Young’s Modulus and Its Temperature Dependence 


in 36 to 52 Pct Nickel-lron Alloys 


by M. E. Fine and W. C. Ellis 


Young’s modulus and its temperature coefficient in 36 to 52 pct Ni-Fe 
alloys depend upon composition and also the straining-annealing history. 
Alloys near 42.5 pct Ni, when worked cold and then annealed at 400° or 
600°C, have nearly zero mean thermoelastic coefficients between —50° 

and 100°C. A discussion of the theory is given. 


& 7 OUNG’S modulus of elasticity in metals ordi- 
narily decreases with rising temperature. The 
range of the thermoelastic coefficient at room tem- 


id 
perature (temperature coefficient of modulus, FE a 


is illustrated’ by the values for tungsten and hard- 
drawn aluminum, —95 and —1220x10° deg C™. 
However, a nearly zero thermoelastic coefficient is 
observed in some ferromagnetic alloys over a limited 
temperature range. In these alloys, as the tempera- 
ture is raised, an increase in modulus arising from 
loss of ferromagnetism compensates the normal de- 
crease. Iron-nickel alloys containing 36 to 52 pct 
Ni behave in this manner. In the present investiga- 
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tion, the dependence of the modulus and thermo- 
elastic coefficient on cold working and annealing 
were studied in iron-nickel alloys in this range of 
nickel., Although these alloys, when fully annealed, 
have a coefficient near zero over a very small tem- 
perature interval, the temperature range of low co- 
efficient can be extended greatly by straining and 
then stress-relief annealing. 

The modulus of face-centered cubic iron-nickel 
alloys annealed at 1000°C does not vary linearly 
with composition at room temperature but, as 


shown by the solid line of fig. 1, from KGster,? is 
minimum at 40 pct Ni and maximum at 87 pct Ni. 
The modulus increases with applied magnetic field 
but retains the minimum near 40 pct Ni. 

Schematic change of modulus with temperature 
for three compositions is shown in fig. 2.” * With in- 
creasing temperature, the slope becomes less nega- 
tive, goes through zero (temperature of minimum 
modulus for the alloy), becomes positive, and re- 
sumes its normal negative value above the Curie 
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Fig. 2—Relation between 
Young’s modulus and 
temperature in 36 to 52 
pet Ni-Fe alloys. 
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Illustrating negative, near zero, 
; and positive thermoelastic co- 
Fig. 1—Young’s modulus head ey 
(room temperature) of 
face-centered cubic Fe-Ni ae 
alloys annealed at 1000°C. 


From Koster.’ 
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36 — 225°C (a) 
40 — 330°C (4») 
45 — 430°C (6) 
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temperature. The temperature of the minimum 
modulus increases with Curie temperature and, 
hence, with nickel content. When the Curie tem- 
perature is just above the temperature of measure- 
ment, the thermoelastic coefficient is positive; when 
the Curie temperature is much higher, the co- 
efficient is negative. A flat minimum at room tem- 
perature is the necessary condition for a nearly 
zero coefficient over a useful temperature range. 
Guillaume® obtained a flat minimum by adding 
chromium. The present investigation shows that the 
flat minimum can be obtained in binary iron-nickel 
alloys by a straining and annealing treatment. 


Experimental Procedure and Test Data 


The major series of alloys (K-series, table I) 
was melted and cast in vacuum from electrolytic 
nickel and electrolytic iron. This series was sup- 
plemented by a number of alloys (table I) to which 
_Manganese was added. Most of these were pre- 
pared by melting in air under a slag, but two, desig- 
nated.CA, were melted in vacuum and cast in a 
helium atmosphere. All of the alloys contain 0.3 to 
0.4 pct Co originating from the nickel. The samples 
were swaged cold to the desired diameters with 
intermediate anneals. 

The method for measuring the modulus and the 
thermoelastic coefficient was devised by Wegel and 
Walther.* In this method, the resonant frequency 
of a rod is determined in forced longitudinal vibra- 
tion. The specimen, approximately 2 in. long and 
0.200 in. in diam, was suspended by two pegs which 
fit into a small groove machined in the center of the 
sample (fig. 3). A variable frequency oscillator 
acting through a polarized bi-polar magnetic unit 
forced the ferromagnetic specimen to vibrate. The 
detector was an identical magnetic unit. 

The frequency of the oscillator was varied until 
the maximum response was obtained on a vacuum 
tube voltmeter in the detecting circuit. This fre- 
quency, the resonant frequency of the rod (ap- 
proximately 50 kc), was measured to within 1 to 5 
cycles per sec, depending on the sharpness of the 
resonance. The maximum strain amplitude was ap- 
proximately 1x10. The data consist of the resonant 
frequencies of each of the samples at a series of 
temperatures controlled to within 1°C. Typical data 
are given in fig. 4. 

For a rod vibrating in the first longitudinal mode, 
the resonant frequency, f, and Young’s modulus, E, 
are related by eq 1, provided the length is suffi- 
ciently greater than the diameter, a condition’ ful- 
filled in the specimens used. 


E = 41 pf’, where p = density and 1 = length. [1] 


The moduli at 25°C (figs. 5 to 7) were calculated 
using eq 1. The densities were determined by the 
method of weighing in air and reweighing in re- 
distilled bromobenzene and are accurate to three 
significant figures. This limits the accuracy of the 
moduli to +0.005x10” dynes per cm’. 

- The moduli at other temperatures (figs. 5, 6, 8, 
and 9) were calculated from those at 25°C using 
eq 2 which follows from eq 1, neglecting trivial 
terms. 


Gr — fe) 
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In figs. 8 and 9, the origins of the curves were moved 
to —50°C. The coefficients of expansion (a) were 


AE = E,—En = Es] a(t 25)| [2] 
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Fig. 3—Apparatus for measuring resonant frequency 
of a ferromagnetic rod vibrating longitudinally. 


—obtained from Lohr and Hopkins’ and unpublished 
data of the authors. The difference, AE, is accurate 
to +0.0005x10” dynes per cm’. 


The thermoelastic coefficients ( i ty (figs. 10 


and 11) were calculated from the slopes of the fre- 
quency-temperature curves using eq 3, derived 


Table I. Chemical Analyses of Iron-Nickel Alloys 


Wt Pct 
Sample 
Desig. 
Ni Fe Mn Co | Si | Cc 
Vacuum Melted Series 
K370 35.7, 63.9 0.31 
K366 39.7 59.7 0.36 
K367 42.4 57.0 <0.01 0.36 <0.02} 0.02 
K368 45.5 53.8 0.41 
K369 49.0 50.4 0.40 
K371 51.9 47.5 0.38 
Manganese Containing Air Melted Series 
6584 Seve 65.7 0.47 
6583 35.6 63.8 0.38 
6566 39.5 59.8 0.38 
6567 40.8 58.5 0.47 
Manganese Containing Low Coefficient Air Melted Series 
6568 41.7 57.6 0.42 
6537 42.7 56.3 0.66 
6536 43.5 55.4 0.65 
Manganese Containing Controlled Atmosphere Series 
(Vacuum Melted, Cast in Helium) 
CA-294 48.8 50.7 0.31 
CA-293 52.4 47.0 0.32 0.42 
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Fig. 4—Plots of resonant frequency as function of 
temperature. 


Curve 1—Heat 6536, 43.5 pct Ni, 56.4 pet Fe, 0.65 pct Mn, 
cold reduced from 0.375 to 0.250 in. diam, annealed 1 hr at 
400°C. 

Curve 2—Heat K368, 45.5 pet Ni, 58.8 pct Fe, cold reduced 
from 0.390 to 0.200 in. diam, annealed 1 hr at 950°C. 

Curve 3—Heat K366, 39.7 pct Ni, 59.7 pct Fe, cold reduced 
from 0.390 to 0.200 in. diam, annealed 1 hr at 400°C. 

Curve 4—Heat K366, 39.7 pct Ni, 59.7 pct Fe, cold reduced 
from 0.390 to 0.200 in. diam, annealed 1 hr at 950°C. 
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of iron-nickel alloys cold swaged 74 pct and 
annealed 1 hr at 400°C. 


from eq 1. The values of coefficient determined in 
this way are reproducible to approximately =0.25x 
Op. 


RNC nee GL) a 8 Me [3] 


Bar f.. dT 
The Modulus and Its Temperature Coefficient 


Young’s modulus and its temperature dependence 
in iron-nickel alloys, 36 to 52 pct Ni, are not only 
related to composition but also depend upon work- 
ing and annealing history. In the K-series of alloys, 
the samples were prepared by first reducing the 
cross-sectional area 74 pct by cold swaging. Then 
one set of samples was stress-relieved for 1 hr at 
400°C, and another set was recrystallized, 1 hr at 
950°C. Certain of the alloys containing manganese 
were measured in a greater variety of conditions. 
Data are not included for unannealed cold-worked 
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Fig. 6—Young’s modulus (—50°, 25°, and 100°C) 
of iron-nickel alloys cold swaged 74 pct and 
annealed 1 hr at 950°C. 
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Fig. 7—Young’s modulus (25°C) of iron-nickel 
alloys containing approximately 0.5 pet Mn. 


alloys since the modulus of such specimens, prob- 
ably due to strain relief, increased on heating. 
Modulus: In the alloys annealed at 400°C, fig. on 
the modulus, in general, increases with nickel con- 
tent. Between 43 and 44 pct Ni, the curves for the 
three temperatures intersect and are closely coinci- 
dent, indicating a small mean thermoelastic co- 
efficient in this composition range. 
A recrystallizing anneal (950°C), fig. 6, results in 
a substantially different modulus-composition de- 
pendence. The modulus-composition curves for 25 
and 100°C go through well-defined minima. These 
minima occur at lower nickel contents and are less 
sharp as the temperature of measurement is lowered. 
In the K-series alloys having 39.7 pet and more 
nickel, the moduli, compared at the same tempera- 
ture, are larger when the alloys are annealed at 
400°C than at 950°C. However, the 35.7 pct Ni 
alloy has an opposite relation. In this alloy the 
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Fig. 8—Fractional change of Young’s modulus with 
temperature in iron-nickel alloys cold swaged 74 
pet, annealed 1 hr at 400°C. 


moduli for the two annealing conditions approach 
each other as the temperature of measurement is 
lowered. 

The shape of the modulus-composition curve for 
Fe-Ni alloys annealed at 400°C is modified greatly 
by sample purity. The moduli at 25°C in Fe-Ni 
alloys containing approximately 0.5 pct Mn (fig. 7) 
are minimum near 39 pct Ni for samples in both 
annealing conditions (400° and 950°C). 

Temperature Dependence of the Modulus: The 
temperature dependence of the modulus in alloys 
annealed at 400°C and 950°C is given in figs. 8 and 
9 which show the fractional change in modulus 
CS as the temperature is increased above —50°C. 

25 

In figs. 10 and 11, the thermoelastic coefficients, 
aE | 
Edt 
given for four temperatures, —20°, 20°, 50°, and 
80°C. For a given alloy and treatment, the spread 
among the values of the coefficients indicates the 
departure from linearity of the modulus-tempera- 
ture curves. 


(slopes of the curves in figs. 8 and 9), are 
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These observations are best correlated in conjunc- 
tion with the schematic modulus-temperature 
curves (fig. 2). When cold worked 75 pet and then 
annealed at 950°C (figs. 9 and 11), alloys near 40 
pet Ni have minimum moduli and zero thermoelastic 
coefficients near room temperature. In the composi- 
tions with less nickel, the modulus increases with 
temperature between —50° and 100°C. In composi- 
tions with more nickel, the modulus decreases with 
temperature. The minimum in the modulus-tem- 
perature curve for this annealing condition, 950°C, 
Gaon as shown by the curve for 39.7 pct Ni alloy 
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Fig. 9—Fractional change of Young’s modulus with 
temperature in iron-nickel alloys cold swaged 74 
pet, annealed 1 hr at 950°C. 


When cold worked 75 pct and annealed at 400°C, 
alloys near 43 to 44 pct Ni have their minimum 
moduli and zero thermoelastic coefficients near 
room temperature. The temperature of the mini- 
mum generally decreases upon straining. Further- 
more, straining broadens the trough in the modulus- 
temperature curve. 

- Addition of manganese, not shown, in general 
- decreases the coefficient by a small amount. 

Adjusting the Straining and Annealing to Pro- 
duce Low Thermoelastic Coefficient: The alloys for 
this part of the investigation contained manganese 
and were melted in air under a slag. The composi- 
tions, 41.7, 42.7, and 43.5 pct Ni (table I), were 
chosen to have low thermoelastic coefficients when 
cold worked and stress-relief annealed. The frac- 
tional variation in modulus with temperature, 
— , is given in figs. 12 to 14. 

Increasing the temperature of anneal displaces the 
minimum value of modulus and the region of low 
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Fig. 10—Thermoelastic coefficients of iron-nickel 
alloys, cold swaged 74 pct, annealed 1 hr at 400°C. 
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Fig. 12—Fractional change of Young’s modulus 

with temperature in an iron-nickel alloy (6568) 

containing 41.7 pct Ni and 0.42 pct Mn, cold swaged 
- 55 pet previous to annealing. 


thermoelastic coefficient to a higher temperature. 
Conversely, starting with an annealed alloy, the 
temperature of minimum modulus at first decreases 
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Fig. 138—Fractional change of Young’s modulus 
with temperature in an iron-nickel alloy (6537) 
containing 42.7 pct Ni and 0.66 pet Mn. 


with cold working. This is not true for all degrees 
of strain, for if the straining prior to a 400°C anneal 
is increased from 55 to 78 pct, the temperature of 
minimum modulus increases—perhaps due to pre- 
ferred crystal or domain orientations depending on 
the degree of strain. In the 42.7 and 43.5 pct Ni 
alloys, the trough in the modulus-temperature curve 
is flatter, the greater the prior deformation and the 
lower the annealing temperature. The sample 
most nearly isoelastic (broadest trough) in the 
—40° to +80°C temperature range is the 42.7 Ni 
alloy (curve 2, fig. 13) when it has been cold 
swaged 78 pct and annealed for 1 hr at 400°C. 


Theory of the Modulus in Nickel-Iron Alloys 


The modulus-composition and modulus-tempera- 
ture relations in these 36 to 52 pct iron-nickel al- 
loys, figs. 1 and 2, for the most part, can be ex- 
plained by present concepts of ferromagnetism. 
Ferromagnetism modifies the normal paramagnetic 
modulus in three ways: (A) The addition of the 
energy of magnetization to the potential energy of 
the crystal alters the modulus directly. (B) At 
temperatures just below the Curie point, stress in- 
duces a change in the intensity of magnetization in 
a single ferromagnetic domain. This involves a 
volume change and an additional strain.” (C) Stress 
causes the domains to change their size and ori- 
entation producing an increase in strain (linear 
magnetostriction) .” * 

Process A may increase or decrease the value of 
the modulus; B and C always lower the modulus; 
C will disappear if the material is saturated by an 
external magnetic field. Since they are processes 
within the domain and depend only slightly on 
domain orientation, A and B are independent of an 
ordinary external magnetic field. 

The stress-produced linear magnetostriction™® (C ) 
and the stress-produced volume magnetostriction’ 
(B) have been fully described. Since the direct 
effect of the energy of magnetization (A) does not 
appear to have been explicitly recognized before, 
details of the mechanism are included here. The 
addition of the energy of magnetization, in general, 


causes the equilibrium interatomic distance and the 
relation between potential energy and interatomic 
distance in the ferromagnetic state to be different 
from those in the paramagnetic state.® Since the 
addition of the energy of magnetization changes the 
relation between the potential energy and the inter- 
atomic distance in a crystal, the second derivative 
of this relation, of which the modulus is a function, 
will be changed also. From a consideration of the 
energy-interatomic distance relations, a correlation 
between the signs of the modulus change and the 
volume change can be deduced. This is supported 
by some experimental data. For the condition 
T terro > T para, the case for the iron-nickel alloys con- 
sidered here, the modulus is decreased from its 
paramagnetic value.” For the condition 7 para > T terroy 
the modulus is increased over its paramagnetic value. 
This has been observed in nickel.’ 

Modification of the modulus-temperature curve by 
A, B, and C in 36 to 52 pct Ni-Fe alloys is shown 
in fig. 15a. The result is a curve resembling those 
in figs. Z2 and 9 with a minimum at some tempera- 
ture and a positive slope just below the Curie 
point. All three effects, in these alloys, lower the 
moduli from their paramagnetic values. Since the 
energy of magnetization decreases with loss of 
ferromagnetism, the direct effect of the energy of 
magnetization on the modulus (A) becomes smaller 
on heating as the temperature approaches the Curie 
point. This makes the slope more positive (curve A). 
In fact, Engler’s® measurements of the modulus of 
a 42 pct Ni-Fe alloy in a reasonably saturating 
magnetic field (H=575 oersteds) show that A in 
itself is large enough to cause a positive slope. The 
stress-produced volume magnetostriction (B) is in 
effect only just below the Curie point (curve A B). 
The stress-produced linear magnetostriction (C) 
lowers the modulus still further as shown by curve 
A B C and, in the region of loss of ferromagnetism, 
also causes the thermoelastic coefficient to be posi- 
tive. Curve A B applies when the alloy is mag- 
netically saturated. Curve A B C applies otherwise. 
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Fig. 14—Fractional change of Young’s modulus 
with temperature in an iron-nickel alloy (6536) 
containing 43.5 pet Ni and 0.65 pct Mn. 
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Experiment confirms this theory. Near room tem- 
perature the ferromagnetic effects in the higher 
nickel alloys (the Curie points are far above room 
temperature) are insensitive to the temperature of 
measurement, and the modulus decreases with rise 
in temperature as shown in figs. 5 and 6. For the 
lower nickel contents, the Curie points are just 
above room température, and the modulus increases 
as the temperature is raised. 

Strain hardening reduces the stress-produced 
linear magnetostrictive strain (for a given stress) 
by obstructing domain movement® and by causing 
a preferred domain orientation.” The result is a 
flatter minimum in the modulus-temperature curve 
(compare figs. 8 and 9) the behavior being more 
nearly like curve A B. 


The occurrence of a minimum in the modulus- 


composition curves (figs. 1, 6, and 7) may be at- 
tributed to the composition dependence of A, B, and 
C as represented in fig. 15b. If the temperature of 
measurement is far below the Curie point, as in the 
higher nickel alloys, the direct effect of the energy 
of magnetization (A) diminishes with increasing 
nickel since the difference between the potential 
energy curves for the paramagnetic and ferromag- 
netic states decreases.” Furthermore, the linear 
magnetostriction (C) decreases as nickel is added.” 
The modulus thus increases with nickel content in 
the higher nickel alloys. As the nickel is lowered, 
the Curie point nears room temperature and is at 
room temperature for an alloy of approximately 
28 pct Ni. The magnitudes of A and C diminish 
with increasing intensity as the temperature of 
measurement nears the Curie point. The increase in 
‘the modulus at room temperature (figs. 6 and 7) as 
the nickel is reduced below approximately 42 pct 
thus is caused by increasing loss of ferromagnetism. 
The increase in modulus due to loss of ferromag- 


Fig. 15—Effect of ferromagnetism on the modulus 
of iron-nickel alloys. 


~ 


~ 
~ PARAMAGNETIC 


a. In curves marked 
A the paramagnetic 
modulus is modified 
by the energy of 
magnetization. In 
curves marked AB 
the stress-produced 
volu me magneto- 


MODULUS 


striction is included 
also. In the curves 
marked ABC the 
modulus is further 
modified by the 
stress-produced lin- 
ear magnetostric- 
tion. 


TEMPERATURE 


b. The Curie point of 

alloy on left hand 

side of b is at room 

temperature (ap- 

proximately 28 pct 
Ni). 


MODULUS 


=- 


\ ABC 


BELOW ROOM 
TEMP 


COMPOSITION PERCENT NICKEL —> 


\ 


netism is greatest at the highest temperature of 
measurement shown in fig. 6. Decreasing the tem- 
perature of the measurement lowers the nickel con- 
tent corresponding to the minimum as shown by 
the dotted curve A B C in fig. 15b. 

Strain hardening, by largely eliminating the 
stress-produced linear magnetostriction, is ex- 
pected to increase the modulus. Furthermore, the 
effect of strain hardening in increasing the modulus 
diminishes as the nickel is lowered, since the Curie 
point nears the temperatures of measurement. Com- 
parison of figs. 5 and 6 shows this to be the case _ 
with but one exception, the alloy containing 35.7 
pet Ni. The exception, the 35.7 pct Ni alloy in 
which the modulus decreases with strain hardening, 
may be due to partial transformation of the face- 
centered cubic phase.” “ The effect of manganese 
in changing the modulus-composition curve of the 
low-nickel alloys may also be associated with the 
phase transformation. 


_Summary 


In 36 to 52 pct Ni-Fe alloys there is a temperature 
at which an increase in Young’s modulus, arising 


. from loss of ferromagnetism, exactly compensates 


the normal decrease, and a zero thermoelastic co- 
efficient results. The temperature of zero co- 
efficient depends upon composition and on straining 
and annealing history. The temperature range of 
low coefficient is greatly extended by cold work. 
For example, alloys near 42.5 pct Ni, when worked 
cold and then annealed at 400° or 600°C, have 
nearly zero mean thermoelastic coefficients between 
—50° and 100°C. 

The general behavior of the modulus and its 
temperature dependence is explained on the basis 
of three ferromagnetic effects: (A) direct effect of 
the energy of ferromagnetism on the modulus, (B) 
the stress-produced volume magnetostriction within 
the domains, and (C) the stress-produced linear 
magnetostriction. 
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A Study of Strain Markings in Aluminum 


by Bani R. Banerjee 


This paper reports metallographic evidence of strain markings in high- 
purity aluminum (99.998 pct), hitherto unobserved, and a study of their 
crystallography. Some incidental observations tend to provide indirect 
evidence of a close relationship between strain markings and annealing 
twins, to clarify the peculiar behavior of aluminum in its reluctance to 
form banded annealing twins, and to indicate that the type of localized 
strain at the slip interfaces, which are responsible for the etching effects 
that render strain markings visible, consists of a twinning displacement. 


ATERIAL used throughout this investigation 

was high-purity aluminum (99.998 pct). The 
%-in. cubes were cut out of a cold-rolled slab and 
annealed at 550°C for 1 hr before deformation. 

The single crystal specimen was 1 in. in diam x 
0.33 in. thick, cut from a cylindrical crystal pro- 
duced by cooling at about 55°C per hr in a furnace 
which had a convenient gradient of about 10°C in 
every 4.5 in. vertical crucible length. Specific data 
on the ten specimens studied are summarized in 
table I. 

Three types of deformation were employed: (1) 
compression in a hand-operated hydraulic press; 
(2) impact with a 7-lb sledge hammer; and (3) 
rolling, using a wedge-shaped specimen’ to obtain 
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a gradient of deformations varying from 0 to 50 pct 
along the length of the wedge. 

Specimens were either deformed at room temp- 
erature, or first cooled in a freezing mixture of 
dry ice and ether at a temperature of —72°C and 
then deformed between steel blocks cooled with 
dry ice. 

The specimens deformed at the low temperature 
were ground and polished through 000 emery paper 
and wheels impregnated with alundum and alumina 
No. 1. During this entire procedure the specimens 
were dipped frequently in the freezing mixture of 
dry ice and ether in order to maintain constantly a 
frosty surface as insurance against overheating. 

All specimens were given a final electrolytic 
polish, using two different electrolytes* to insure 
that the surface effects observed were not char- 
56 parts; chromic acid (sat. soln.), 3 parts; acetic acid, 8 parts; 
current density, 6.4 amp per sq in. at 42 v. Second electrolyte: 


perchloric acid, 1 part; acetic acid, 6 parts; current density, very 
low at 45 v. 


acteristic of the polishing technique. With both 
electrolytes, the annealed specimens gave even sur- 
faces with good polish. 

Several standard etchants were tried without 
success. The best results were obtained with an 
immersion etchant, developed in this connection, 
containing: hydrofluoric acid, 4 parts; nitric acid, 
1 part; glycerine, 3 parts. 


Discussion of Results 


Typical strain markings have been observed with- 
in deformation bands, as shown in figs. 1, 2, and 4. 

By stereographic plotting of metallographic meas- 
urements, the strain markings within a deforma- 
tion band in a single crystal of aluminum deformed 
by compression were found to be traces of (111) 
planes within a maximum scatter of 6°. The edges 
of the deformation band were found to be traces 
of the (100) planes also within the maximum scatter 
of 6° (in agreement with previous workers). At 30 
pet deformation, this scatter was considered quite 
normal because of the fragmentation and rotation 
of the crystal. This solution, based on the traces on 
one plane of observation is not unique, but as the 
planes were observed to be those normally and 
logically to be expected, further work in this re- 
gard was not felt to be necessary. 

The study of strain markings in a wedge-shaped 
specimen, rolled to obtain a gradient of deformation 
from 0 to 50 pct, revealed prominent strain mark- 
ings at 25 pct reduction in thickness (fig.5). Faint 
and weak strain markings were visually observable 
up to a minimum reduction in thickness of about 
12 pct. 

Since strain markings have been observed in other 
face-centered cubic metals after much smaller de- 
formations;”° and since the rate of recovery in 
aluminum is high, it is believed that, at lower de- 
formations, self-recovery removes the localized 
strains at the slip interfaces, thus, removing the 
source of the etching effects that give rise to strain 
markings. 

_At high magnifications, strain markings some- 
times seem to appear as very thin, light-banded re- 
gions bounded by a pair of dark edges. This so- 
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called “double nature of the bands” has been con- 
sidered by some® as evidence that the strain mark- 
ings are thin mechanical twins. That the grooved 
nature of the etching effect along the planes of slip 
renders the strain markings visible and gives rise 
to the above-named banded nature of the strain 
markings was clearly evident upon slightly changing 
the focus of the eyepiece on the microscope, focus- 
ing first on the polished surface and then changing 
the focus to the bottom of the grooves. 

Fig. 3, in which two sets of strain markings 
(fairly irregular and wavy at this stage of deforma- 
tion) are shown crossing one another in the large 
grain, is certainly reminiscent of the typical cross- 
slip reported by Maddin, Mathewson and Hibbard‘ 
in alpha brass single crystals and by G. J. Ogilvie 
and W. Boas’ in large-grained, high-purity 
aluminum. 

In addition to the use of a proper etching reagent, 
the prime requisite for rendering strain markings 
visible in pure aluminum seems to be the main- 
tenance of a low temperature throughout the proc- 
ess of deformation and subsequent mechanical 
polishing. Any heat generated during these stages 
is sufficient to cause the disappearance of the strain 
markings even though no signs of recrystallization 
are visible in these specimens at the highest optical 
microscopic magnifications (around X2500). Speci- 
mens, deformed and polished under low-tempera- 
ture conditions (specimen Nos. 3, 8, and 9 in table 
I), in which these markings actually occurred, 
failed to reveal them when they were repolished 
and re-etched, after aging at room temperature 
from three to four weeks (no recrystallization). 
Thus, strain markings in aluminum are thermally 
unstable and disappear before any observable re- 
crystallization occurs in the matrix. In all other 
face-centered cubic metals and alloys, strain mark- 


Fig. 1—Specimen 
No. 10, strain 
markings within 
a deformation 
band in single 
crystal of 
aluminum. 


X500 
Area reduced 
approximately two 
thirds for 
reproduction. 


—ings seem to possess a considerable degree of 


thermal stability, and persist until the cold-worked 
matrix is entirely replaced by recrystallization. 
Aluminum appears to be the only face-centered 


cubic metal in which: 


(1) strain markings are 


thermally unstable below the _ recrystallization 
temperature, and (2) banded annealing twins are 
not ordinarily found. This, in addition to the re- 
sults of previous researches, suggests an association, 
first between the reorientation process that gives 
rise to the formation of the annealing twins in face- 
centered cubic metals and strain markings, and, 
second, between the twin or stacking faults and 
both strain markings and annealing twins. If it is ac- 
cepted that annealing twins originate from a re- 
orientation process nucleated either by the twin or 
stacking faults,” * or by an extended dislocation,° it 
logically might be hypothesized that, in aluminum, 
the introduction of a stacking or twin fault sets up 
an unstable state of affairs by introducing a much 
higher energy condition than is found in other face- 
centered cubic metals. This assumption would re- 
sult, in terms of the dislocation picture,° in a ten- 


Table I. Analyses of Ten Specimens of High-purity Aluminum 


Extent 
Speci- of Nature 
men Deforma- of 
No. tion, Deforma- 
Pet tion 
1 0 Specimen annealed 1 hr at 
550°C 
2 60 Same; compressed in hand 
press 
33 40.2 Same; compressed between 
blocks cooled with dry ice 
i. and ether 
4 0 Specimen annealed 1 hr at 
550°C 
5 36.6 Same; compressed in hand 
E press 
6 56.2 Same; further compressed 
7 49.4 Same; impact hammered 
8 48.0 - Same; impact hammered 
9 Po 0-50 Rolled, wedge-shaped 
specimen 
10 430's Compressed single crystal 
3, 8,9 — Repolished after 3 to 4. weeks 


anhydride 


Temp Electro 
of | Polish- Results 
Deforma- ing 
tion Bath 
HnOs, alcohol Even surface, good polish. 
Cr2Osz, acetic 
acid 
HnOs, alcohol No strain markings. Deformation 
ei Cron acetic bands visible. No signs of recrys- 
acid tallization. 
—72°C HnOs, alcohol Strain markings observed. See figs. 
Cr2Oz, acetic 2 and 3. 
acid 
HC10u, acetic — Even surface, good polish. 
anhydride 
HC10u, acetic No strain markings. Deformation 
Tone anhydtide bands visible. No signs of recrys- 
tallization. 
HC10,, acetic No strain markings. Deformation 
eon an anide _ bands visible. No signs of recrys- 
tallization. ; 
of ti i i ion 
Room HC10u, acetic No strain markings. Deformat 
nh ide bands visible. No signs of recrys- 
zene Ses tallization. : 
—72°C HC10,, acetic Strain markings visible. See fig. 4. 
anhydride 
—72° tic Strain markings prominent up to 
ie Sie dine a minimum deformation of 25 pet 
(fig. 5). Faintly discernible up to 
12 pet. 
—72°C HC10,, acetic Strain markings visible within de- 


formation bands. See fig. 1. 


No strain markings visible. No 
signs of recrystallization. 
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dency for the two half dislocations to be pulled 


together, overcoming the repulsive forces. This, 
in turn, would set into motion a train of redistribu- 
tion of stresses and strains or a reorientation of 
atoms corresponding to a rapid rate of recovery, as 
observed also by Heidenreich.’ This reorientation 
of atoms and consequent dissolution or diffusion of 
dislocations is in conformity with Buergers’” de- 
scription of the recovery process. The redistribution 
of strains, pictured in the sense of recovery, would 
be expected to dissipate the highly localized strains 
at the slip interface, distributing them more evenly 
over the entire structure. 

On the basis of the above discussion, it may be 
suggested now that the thermal instability of the 
twin faults causes the disappearance of the strain 
markings, and, in turn, is responsible for the lack 
of annealing twin bands in aluminum. In other 
face-centered cubic metals, the twin-faults and, in 
turn, the strain markings are stable and persist in 
the structure, setting into motion the reorientation 
process giving rise to the recrystallized twin bands. 


Summary 


1. Strain markings have been observed in high- 
purity aluminum deformed by compression, by 
hammer impact, or by rolling. 

2. The minimum amount of deformation by roll- 
ing a wedge-shaped specimen required to produce 
visible strain markings was approximately 12 pct 
reduction in thickness. 

3. From a study of a single crystal, strain mark- 
ings were concluded to be traces of the (111) planes. 

4. Strain markings were found to be thermally 
unstable since they disappeared with aging at room 
temperature and they were not visible in specimens 
deformed and polished at room temperature (be- 
cause of overheating). This is believed to be the 
reason why strain markings have not previously 
been found in aluminum. 

5. The combination of the thermal instability 
of the strain markings and the reluctance of alu- 


Fig. 2—Specimen No. 3, deformed 40.2 

pet by compression (low temperature) 

showing strain markings within de- 

formation bands. Deformation bands 

slightly inclined to vertical are roughly 

parallel to plane of compression. X1000. 
(Upper left.) 


Fig. 3—Same specimen, showing strain 
markings reminiscent of cross slip. 
X1000. (Upper right.) 


Fig. 4—Specimen No. 8, impact de- 

formed 40 pct (reduction in thickness) 

at low temperature showing strain 

markings within deformation bands. 
X2000. (Lower left.) 


Fig. 5—Specimen No. 9, wedge-shaped 

specimen rolled. Spot represents 25 pet 

deformation. Strain markings within a 
grain. X2000. (Lower right.) 


Figs. 2-5—Area reduced approximately two 
thirds for reproduction. 


minum to form banded annealing twins suggests a 
rationalization of the strain-anneal phenomena in 
the face-centered cubic metals, in general, and in 
aluminum, in particular. 

6. Strain markings reminiscent of cross-slip 
have been noted. 

7. The grooved nature of the etching effect 
giving rise to strain markings has been pointed out. 
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OE Re eee ie CT Me OTE Lee ape ae, 


Quantitative Stress-Strain Studies on Zinc 
Single Crystals in Tension 


by D. C. Jillson 


Highly consistent data were obtained for the critical resolved shear 
stress for slip of zinc single crystals of high purity and quality under one 
particular set of conditions. The effects of many variables remain to be 
investigated. An effort to confirm the hypothesis of slip by alternating 

[210] unit movements was unsuccessful. 


HE data on the critical resolved shear stress for 

zine single crystals published by Rosbaud and 
Schmid’ showed many irregularities, as seen in fig. 
1. There have been subsequent investigations,” * but 
no one has repeated this work with a wide range of 
orientations, with specimens of a higher degree of 
purity and perfection, and with improved experi- 
mental techniques in order to determine whether 
these variations were entirely experimental or 
whether they might have been due, at least in part, 
to some feature of the mode of deformation not 
known or understood. 

Mathewson* and others have long felt that the 
glide observed in a [100]* direction between two 
(001)* planes in the zinc lattice might be actually 


D.C. JILLSON, Member AIME, is associated with the 

Technical Department, The New Jersey Zinc Co. (of 
Pa.), Palmerton, Pa. 

AIME Chicago Meeting, October 1950. 

TP 2899E. Discussion (2 copies) may be sent to 
Transactions AIME before Dec. 15, 1950. Manuscript 
received Nov. 10, 1949; revision received April 24, 1950. 

This paper is based upon a part of a dissertation 
submitted to the faculty of the Graduate School of 
Yale University in partial fulfillment of the require- 
ments for the degree of Doctor of Philosophy, May 
1, 1949. 


and directions. Parentheses and brackets are used to indicate fami- 
lies as well as particular planes or directions. 


the net effect of many consecutive unit glides or 
movements in two alternating [210] directions (fig. 


0135-04 70I50 2 047 FOS. 0.2.04 (e) 
SINKG  GOS:Ay, 
Fig. 1—Dependence of tensile yield stress on orien- 


tation of single crystals of zinc containing 0.03 pct 
cadmium as determined by Rosbaud and Schmid. 


% = angle between basal plane and specimen axis. 
d\ = angle between slip direction and specimen axis. 
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Table I Data for Tensile Stress-Strain Tests on Single Crystals of 99.999+ Pet Zine 


Speci- SiD y | sin y a 
men ¥ No SiN y | cos do | cos do A RL F S do Na | cos Xa | cos da S Na No cos \v | cosd\v | So 
0| 0.0772] 13.07 
XL45C 64 18 0.1132 | 0.9511 | 0.1076 | 122.46 | 113.5 20,730 18.23 15 0.9659 | 0.1093 18.51 47 0.682 
XL47E Bi, 10¥%2 | 0.1132 | 0.9833 | 0.1113 | 122.01 | 115.7 20,406 18.62 22 | 0.9272 | 0.1051 17.58 39 0.7771 | 0.0880 ioe 
XL47B | 19% 29 0.3338 | 0.8746 | 0.2919 | 122.60} 43.29 7,867 18.74 21 0.9336 | 0.3115 | 20.00 55 0.5736 | 0.1912 . 
XL48F | 20 22 0.3420 | 0.9265 | 0.3170 | 122.58 | 38.78 7,071 18.28 28 0.8829 | 0.3020 | 17.42 44 0.7026 | 0.2402 ceed 
XL45F | 30 30% | 0.5000 | 0.8625 | 0.4313 | 122.79 | 28.44 5,276 18.547 | 41 0.7547 | 0.3773 ee 43 0.7325 | 0.3662 es 
XL47F*| 33 36 0.5446 | 0.8090 | 0.4406.) 122.72 | 27.80 { ede seer 36 0.8090 | 0.4406 1981 53% | 0.5948 | 0.3236 |) 74/55 
XL44 38 38% | 0.6157 | 0.7826 | 0.4820 | 123.21] 25.50 4,683 18.327 | 45 0.7071 | 0.4355 | 16.55 50 0.6428 | 0.3958} 15.05 
XL48G | 40 40 0.6414 | 0.7660 | 0.4913 | 123.09 | 24.84 4,602 18.37 47 0.6820 | 0.4377 | 16.36 50 0.6441 | 0.4133} 15.45 
XL48B | 46% | 49 0.7284 | 0.6547 | 0.4773 | 123.43 | 25.73 4,976 19.03 48 0.6691 | 0.4875) 19.44 63 0.4555 | 0.3320} 13.24 
XL47D | 53 53% | 0.7986 | 0.5948 | 0.4755 | 123.36 | 26.02 4,780 18.44 56¥ | 0.5591 | 0.4410] 17.10 61% | 0.4772 | 0.3813] 14.78 
XL47C | 61 62% | 0.8746 | 0.4617 | 0.4038 | 123.72 | 30.62 5,597 18.15 62 0.4695 | 0.4110} 18.46 7042 | 0.3338] 0.2921) 13.13 
XL45A | 67% | 69 0.9239 | 0.3584 | 0.3311 | 123.80 | 37.32 6,924 18.53 | 68 0.3746 | 0.3460} 19.36 76 0.2419 | 0.2234) 12.51 
XL48A | 77 78 0.9744 | 0.2079 | 0.2054 | 124.60 | 60.79) 11,126 18.34 78 0.2096 | 0.2042 | 18.23 82 0.1392 | 0.13857} 12.12 
XL45B | 85 85% | 0.9962 | 0.0785 | 0.0758 | 124.39 | 163.2 28,533 17.40}+ | 85 0.0872 | 0.0869} 19.93 87 0.0523] 0.0521] 11.96 
XL47G | 86 86 0.9974 | 0.0698 | 0.0696 | 124.22 | 178.7 32,505 18.22; | 86 0.0692 | 0.0696 | 18.22 87 0.0523 | 0.0522 | 13.65 
Avg 18.4 

% = angle between (001) and specimen axis. RL = rate of loading in g per min. 

\o = angle between [100] and specimen axis. F = critical load in g. 

Xa = angle between nearest [210] and specimen axis. S\o = critical stress resolved in (001) in [100] in g per mm?. 

d\v = angle between next nearest [210] and specimen axis. S\a = critical stress resolved in (001) in nearest [210] in g per mm+?. 

A = cross-sectional area in mm?. S\» = critical stress resolved in (001) in next nearest [210] in g per mm’. 


* The two sets of values for XL47F represent alternativé interpretations of the same test data. 
+ Values obtained by extrapolation of straight-line portion of stress-shear curve. 


2). Mathewson has reasoned that, if this is true, the 
intermediate position of the atoms, after-the first 
[210] movement, is one of lower stability or higher 
energy than the normal position and that, to attain 
this position, an atom must be raised from its normal, 
low-energy valley up over an energy hill and down 
into the higher energy valley of the intermediate 
position. This is represented in fig. 3 by the first 
half of the lower curve, and the increase in energy 
required is represented by ac. The second part of 
the movement requires only that the atom be raised 
from this intermediate valley to the top of a similar 
hill so that it can drop into a normal valley. In this 
case, the increase in energy required is only bc. The 
upper curve represents hypothetical conditions for 
a [100] movement. It occurred to Mathewson that 
there might be different critical resolved shear 
stresses for the two parts of the lower curve and 
that in order for a complete glide to take place both 


Fig. 2—Hypothetical slip in alternating [210] direc- 
tions compared with simple [100] slip on basal 
plane of zinc crystal. 


of them would have to be reached. In some orienta- 
tions the critical stress for the first movement would 
be reached before that for the second, and the latter 
would be the limiting stress for glide. In other 
orientations the reverse would be true. A re-analysis 
of the data of Rosbaud and Schmid on this basis 
was inconclusive because of the magnitude of the 
experimental variations. A new investigation with . 
improved specimens and techniques was indicated. 


Experimental Procedure 


Specimens 16 in. long were grown of 99.999-++ pct 
zinc in ¥% in. ID, precision-ground pyrex glass tubes,. 
as described in another paper,’ and were etched for 
5 sec with 50-50 HCl, rinsed in distilled water and 
then alcohol, and allowed to dry. Their orientations, 
determined by X-ray methods, are listed in table I. 
The analysis of zinc used, in percent, was: lead, 
0.00013; iron, 0.0006; cadmium, 0.00003; and copper, 


ie] 


ENERGY 


NORMAL INTERMEDIATE NORMAL 


ATOM POSITION 


Fig. 3—Hypothetical energy changes during slip in 
alternating [210] directions compared with those 
during simple [100] slip. 
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tunes 


Fig. 4—Parts of grip assembly for tension tests of 
zine single crystals. 


0.00012. No tests were made for A, Br, Cl, F, He, H, 
I, Kr, Ne, N, O, Se, S, or Xe. Other elements were 
not detected or were in insignificant amounts. 
Total impurities detected were 0.00088 pct and the 
percent zinc by difference was 99.99912. An 8 in. 
gauge length was marked on the specimens by 
applying soft red crayon to the specimens in the ap- 
proximate positions and scribing light, sharp lines 
in the crayon marks (not in the specimen) with a 
sharp needle. 

It was believed that axiality of loading was of 
great importance, and special grips were designed 
as shown in fig. 4. The specimen is inserted into the 
split, tapered collet (upper right), threaded on the 
inside, which is snugged gently into a tapered sleeve, 
shown below the collet, fastened in the clamp (next 
below). The taper gives a self-tightening action 
under load. The clamp, the ring shown below it, 
and the ring attached to the hook (upper left) have 
knife-edges at right angles. Assembling is done with 
the greatest of care to avoid deformation of the 
specimen. A similar gripping system is applied to 
the other end and the specimen is hung in position 
on the test rack. The assembly is checked for axiality 
and for straightness at this time (and periodically 
throughout the test) with the aid of surveyor’s 
transits in positions 90° from each other about the 
axis of the specimen. 

A bucket was suspended from a hook fastened to 


- Table II. Critical Stresses Resolved in [210] Directions 


men No S da S do 
| 
XL45F 1 16.22 1 15.74 
XL48G | 16.36 1 15.45 
XL44 | 16.55 1 15.05 
XL47E 17.58 , 14.72 
XL47D ' 17.10 ; 14.78 
XL48F 1 17.42 1, 13.86 __ 
XL47G 1 18.22 13.65 
XL47F 1 18.21 13.38 ! 
XL45C | 18.51 13.07 ! 
XL47C 18.46 | 13.13 | 
XL48B 19.44 | 13.24 | 
XL45A 19.36 1 12.51; 
XL48A 18.23 | 12.12 | 
XL47B 20.00 | 12.28 
XL45B 19.93 )~ 11.96 


a 


the lower grip assembly, and water was added to 
the bucket at a constant rate by maintaining a con- 
stant head of water at a constant temperature be- 
hind a given orifice (fig. 5). By changing the size 
of the orifice and the head of water, it was possible 
to obtain the rate of flow desired in every case. This 
was determined from the orientation of the speci- 
men to give a rate of increase of stress in the glide 
plane in the [100] glide direction of 0.1 g per mm? 
per min. 

The tests were run in a constant-temperature, 
constant-humidity testing room at 25.0° + 0.5°C 
and 60 + 5 pct relative humidity. 

A two-scope optical cathetometer was chosen for 

“measuring elongations. The positions of the fiducial 
marks on the specimen were read to the nearest 
0.001 cm. The error in strain with an 8 in. gauge 
length was estimated at +1 x 10% and was mini- 
mized further by the method of plotting. 

Readings were taken alternately on the upper 
and lower marks at about 30-sec intervals until the 
specimen had stretched about 1.5 pct. 

The readings of the upper and lower scopes were 
plotted separately against time and a curve was 
drawn for each, trying not to average out any fluc- 
tuations that might be due to the nature of the def- 
ormation. The differences between the two curves 
were then determined and a stress-elongation curve 
was plotted. Elongations were also recalculated into 


H20 
INLET 


OVERFLOW. 


GLASS PRESSURE - 
HEAD TUBE 


HOOK ——> 


CHANGEABLE 
ORIFICE 


RUBBER. 
TUBE 


OVERFLOW TUBE 
ADJUSTABLE IN 
RUBBER STOPPER 


GLASS 
TRANSPORT TUBE 


RUBBER TUBE 
TO DRAIN 


Fig. 5—Apparatus used for loading single-crystal 
specimens. 
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400 2 
CRITICAL RESOLVED SHEAR STRESS 
Be 18.4 GM. PER SQ.MM 


SQ. MM. 


© = X LESS THAN 45° 
= X GREATER THAN 45° 
—- OBTAINED BY EXTRAPOLATION 


IN GM. PER 


EFFECT OF CHANGE OF +1° 
IN ORIENTATION —o— 
= = ose 


is 


150 


N 
fo) 


VALUES FROM 2 DIFFERENT 
INTERPRETATIONS OF SAME 
DATA 


CRITICAL STRESS (not RESOLVED) 


3° 
fe) 


50 


° a 5 3 4 5 
SIN X COSA? 


Fig. 6—Relation between critical stress and orien- 
tation of single-crystal specimens of 99.999+ pct 
zinc. 


terms of shear, and a stress-shear curve plotted, by 
means of the formula (reference 6, p. 64): 


F-=: V4 2a sing cosh @ sin y 

where L, and L are the original and new lengths, a 
is the shear, and y and } as described previously. 
The critical stress was determined from an exam- 
ination of these curves and was recalculated into 
resolved stresses in the [100] glide direction and 
the [210] directions on each side of this by means 
of the formula (reference 6, p. 111): 


F 
Saas sin y COS d 


F 
where A is the critical stress (force divided by cross- 


sectional area) and S is the critical resolved shear 
stress. The results are tabulated in table I. 


Discussion of Results 


Examination of the values in table I for S A,, the 
critical stress resolved in the (001) plane in the 
[100] glide direction, shows a good average value of 
18.4 g per mm’. Of the 15 specimens tested, 12 
yielded values within about +1 pct of this value, 
one was within +2 pct, and two were within +5 pct. 
This degree of consistency, despite wide variations 
in orientation, indicated no need for an alternating 
[210] hypothesis of the mechanism of slip. Further- 
more, if the critical stresses resolved in the alter- 
nating [210] directions are arranged in the order 
of increasing angle between [100] and the projec- 
tion of the specimen axis on (001), as in table 1a 
the [210] hypothesis, according to the suggested 


RESOLVED SHEAR STRESS IN GM. PER SQ) MM. 


analysis, would require that the S 4. values down 
to some intermediate orientation and the S }» values 
up to some intermediate orientation, as suggested 
by the broken lines, should be constant. 

Such is not the case. They show a definite trend 
rather than a constancy and hence fail to substan- 
tiate the [210] hypothesis. Perhaps, however, they 
do not disprove it. It may be that the premises upon 
which the analysis was based were incorrect. Per- 
haps the stress must be resolved first in the [100] 
direction and then multiplied by a cosine factor to 
describe the sidewise movement. As far as stress 
calculations go, we would then be blind to the 
mechanism. Maddin, working with single crystals 
of brass, has recently obtained evidence of a dif- 
ferent nature in support of the [210] hypothesis,’ 
and Barrett has obtained supporting X-ray evidence 
from certain silicon alloys.* 

The critical stress values of table I have been 
plotted in fig. 6 against sin y cos \, for comparison 
with Rosbaud and Schmid’s plot shown in fig. 1. 
The improvement in consistency of experimental 
data is gratifying. 

A consideration of the effect of an error of +1° 
in determining the orientations of specimens, indi- 
cated in fig. 6, shows that the values obtained for 
the critical resolved shear stress for basal slip in 
ten of the specimens are constant well within the 
anticipated experimental error. The author felt 
justified, therefore, in drawing all ten stress vs. 
shear curves through the average critical value, 
18.4 g per mm’, in order to present them all clearly 
in a single figure (fig. 7). The other five specimens 
began to deform before the resolved stress attained 
a value of 18.4 g per mm’. The value at which this 
started varied with the specimens; but no correla- 
tion with orientation, the only intentional variable, 
could be shown. The only variable which should 
have lowered the critical resolved shear stress sig- 
nificantly is non-axiality, which could have resulted 


EXPERIMENTAL 
———-— _ EXTRAPOLATED 
EXPERIMENTAL DEVIATION FROM 
EXTRAPOLATED LINES 


Fig. 7—Stress-strain curves for single-crystal 
specimens of 99.999+ pct zinc. 


Adjusted (within limits of experimental error) to a critical 
resolved shear stress of 18.4 g¢ per mm2. 
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from unintentional deformation before the start of 
the test. These tests might be eliminated on this 
basis. However, it must be significant that every one 
of the other ten curves contained a straight-line 
portion that passed through the 18.4 critical point 
(well within the limits of error imposed by the in- 
accuracies of the determination of orientations) and 
that those showing initial deviations always reached 
and then followed a similar straight-line portion 
which could be extrapolated to a similar value, as 
though the initial effect of the tension was to elim- 
inate or correct the effects of previous slight bend- 
ing or non-axiality. The author believes that the 
straight-line extrapolations represent the true curves 
(Andrade’) and that the initial deviations should be 
ignored. For these specimens, the extrapolated 
values are shown in table I and fig. 6. The average 
critical resolved stress is 18.4 g per mm? whether 
these values are included or not. 

The stress vs. shear curves of fig. 7 (or a similar 
plot of stress vs. elongation) showed definite differ- 
ences in the strain-hardening characteristics of 
different specimens, both in the initial rates of hard- 
ening and in the total hardening for any given 
amount of shear or elongation. All attempts to 
establish a correlation with some function of orien- 
_ tation failed. This failure may have been due to the 
fact that once deformation had started, it tended to 
proceed inhomogeneously, resulting in non-axialities 
and resultant bendings of the specimens. It might 
also have resulted from differences in lead distribu- 
tion in the different specimens, but these, in turn, 
might be expected to be a function of orientation. 
Speculation might be made as to the exact differ- 
ences in the nature of the deformation in the dif- 
ferent parts of the stress-strain curve, but it seems 
that such discussion might well be deferred until 
the effects of various variables in the testing pro- 
cedure, as surface condition, size and shape of speci- 
men, rate and temperature of test, etc., have been 
investigated and a firmer foundation for speculation 
has been obtained. 

It was also observed that extension frequently 
occurred in tiny jumps, as has been mentioned by 
many investigators with zinc and with other 
metals.°* The nature and cause of these jumps has 
not been definitely established. It has been demon- 
strated that their occurrence, magnitude, and fre- 
quency are dependent upon temperature. The present 
investigator is inclined to suspect a connection with 


the rumpling or kinking mechanism discussed in - 


another paper.” Variations in temperature were 
shown to affect this mechanism. The explanation of 
these jumps is a matter of fundamental importance 
and it is hoped that as the various phases of the 
present work are expanded, information may be 
obtained that will serve this purpose. 


Conclusions 


Highly consistent data have been obtained which 
indicate that the critical resolved shear stress for 
slip is 18.4 g per mm’, on the basal plane in the 
close-packed direction of single-crystal specimens 
of 99.999-+ pct zinc. The specimens were cylindrical 
in shape with a %-in. diam, lightly etched with 50 
pet HCl, and tested in tension with a rate of in- 
crease of stress resolved along the basal plane in 
the close-packed direction of 0.10 g per mm’ per 
min, at a temperature of 25.0° + 0.5°C and a rela- 
tive humidity of 60 + 5 pct. The effects of many 
variables on the magnitude of this critical resolved 

stress remain to be investigated, but specimens and 


equipment for many such tests have been made 
available. 

An effort to obtain confirmation, by appropriate 
stress analysis, of the hypothesis of slip involving 
alternating [210] unit movements failed, probably 
because the method of analysis was based upon in- 
correct premises. 

The work-hardening characteristics of specimens 
of different orientations were observed to vary 
under the particular conditions of test. Efforts to 
correlate differences in work-hardening with differ- 
ences in orientations failed, perhaps because of ex- 
perimental complications. 


Acknowledgments 


The author wishes to express his most sincere 


~ gratitude to C. H. Mathewson, of Yale University, 


and E. A. Anderson, of The New Jersey Zinc Co. 
(of Pa.), for their inspiration and guidance, to A. G. 
Lesko, III and others of the technical staff of The 
New Jersey Zinc Co. (of Pa.) for their invaluable 
assistance, and to The New Jersey Zinc Co. (of Pa.) 
for support and facilities without which the work 
could not have been attempted. 


References 


*P. Rosbaud and E. Schmid: Increase in Strength of 
Single Crystals by Alloying and Cold Rolling. Ztsch. 
Physik. (1925) 32, 197. 

* Richard F. Miller: Creep and Twinning in Zinc 
Single Crystals. Trans. AIME (1936) 122, 176. 

* Alvin W. Hanson: Elastic Behavior and Elastic 
Constants of Zinc Single Crystals. Phys. Rev. (1934) 
45, 324. : 

*C. H. Mathewson: Structural Premises of Strain- 
Hardening and Recrystallization. Trans. A.S.M. (1944) 
32, 38. 

5—D. C. Jillson: Production and Examination of Zinc 
Single Crystals. Trans. AIME, 188, 1005; Jnl. Met. 
(Aug. 1950) TP 2898E. 

°H. Schmid and W. Boas: Kristallplastizitat. (1935) 
Berlin. Julius Springer. 

Robert Maddin, C. H. Mathewson, and Walter R. 
Hibbard, Jr.: The Origin of Annealing Twins in Brass. 
Trans. AIME, 185, 655; Jnl. Met. (Sept. 1949) TP 2676E. 

8’ Charles S. Barrett: Faults in the Structure of Cop- 
per-Silicon Alloys. Trans. AIME, 188, 123; Jnl. Met. 
(Jan. 1950). TP2754E. 

°h. N. daC. Andrade and R. Roscoe: Glide in Metal 
Single Crystals. Proc. Phys. Soc. (1937) 49, 169, 177. 

10. N. daC. Andrade: On the Viscous Flow in Metals, 
and Allied Phenomena. Proc. Roy. Soc. (London) 
(1911) 84, 1. 

“1, Schmid and M. A. Valouch: The Discontinuous 
Translation of Zinc Crystals. Ztsch. Physik. (1932) 75, 
531. 

2R. Becker and E.. Orowan: Discontinuous Exten- 
sion of Zinc Crystals. Ztsch. Physik. (1932) 79, 566. 

18 Wf. N. Davidenkov and I. N. Mirolyubov: Plasticity 
of Zine. Jnl. Tech. Phys. (U.S.S.R.) (1936) 6, 60. 

“E. S. Yakovleva and M. V. Yakutovich: Jump-like 
Deformation of Zinc Crystals. Jnl. Tech. Phys. (U.S. 
S.R.) (1935) 5, 1744. 

*%T. Sutoki: Serrated Elongation in Different Metals. 
Sci. Rept. Tohoku Imp. Univ. First Ser. (1941) 29, 673. 

%®U. Dehlinger, A. Kochendérfer, H. Held, and E. 
Lércher: The Development of Stresses on Bending 
Single and Multicrystalline Materials. Ztsch. Met. 
(1941) 33, 233. ; 

“Be, P, Tyndall and C. Wert: Private Communica- 
tion to Andrew W. McReynolds, p. 34 of ref. 18. 

1 Andrew W. McReynolds: Plastic Deformation 
Waves in Aluminum. Trans. AIME, 185, 32; Jnl. Met. 
(Jan. 1949) TP 2499E. 

2D, C. Jillson: An Experimental Survey of Deforma- 
tion and Annealing Processes in Zinc. Trans. AIME, 
188, 1009; Jnl. Met. (Aug. 1950) TP 2900E. 


TRANSACTIONS AIME, VOL. 188, SEPTEMBER 1950, JOURNAL OF METALS—1133 


The Vapor Pressure of Silver 


by H. M: Schadel, Jr. and C. E. Birchenall 


The vapor pressure of silver has been measured by 
the Knudsen orifice effusion method 750° to 1050°C 
using radioactive Ag’ as a tracer. The pressures are 
given by the following equations: 


Solid silver: log p = 8.887 — 1.402  10*/T. 
Liquid silver: log p = 8.342 — 1.334 X 10°/T. 


The heats of sublimation and vaporization are respec- 
tively, 64.1 + 0.7 and 61.0 + 0.2 kcal/mol. 


HE purpose of this study was to measure the 

vapor pressure of silver as the first step in the 
determination of activities in silver alloys and to 
test the limitations of the method adopted. In order 
to work at low pressures, below 2x10° mm of mer- 
cury, the orifice effusion technique was employed. 
To shorten the time of collection of silver from the 
atomic beam, radioactive silver (Ag) was used as 
a tracer. 

The rate of effusion of a monatomic vapor from 
an “ideal” orifice, where the thickness of the orifice 
edge is negligible compared with the orifice di- 
ameter, can be readily calculated from the kinetic 
theory of gases, 


a . VMap 

\/2aRT 

where G is the weight of material effusing from the 
orifice per unit time; p is the vapor pressure at oven 
temperature, T; R is the gas constant; M is the 


molecular weight of the vapor; and a is the orifice 
area. 
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Consolidating constants and expressing as the 
weight of material effusing from the orifice in a 
period of time, t, 


(5.83) (10°) (\/M) (a) (t) (p) 
WE 


where Gr is total weight of monatomic vapor effused 
(g); M is molecular weight of the effusing tracer 
vapor; a is orifice area (cm’); t is time of effusion 
(sec); p is vapor pressure of effusing material (mm 
of Hg); and T is oven temperature (°K). 

The vapor effuses from the orifice in a hemi- 
spherical pattern, and the intensity of the beam in 
any direction is given by the cosine distribution 
law.’ Considering this, the weight of effused mate- 
rial can be calculated from the amount of material 
passing through a circular collimator intersecting 
the beam. If such a collimator is in a plane parallel 
to the plane of the orifice and with center on the 
normal to the orifice center, 


Gr = [2] 


where Gy, is the weight of effused material passing 
through the collimator, and @ is one half the apex 
angle of the cone defined by the collimator circum- 
ference and the orifice center. Reducing eq 3 to the 
more directly measurable quantities of orifice to 
collimator distance, d, and collimator diameter, D, 
the expression becomes, 
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Gg (D’ + 4d’) 
Gr SETS TEC Lee [4] 

The vapor passing through the collimator, Gg , was 
condensed on a target and the weight of the micro- 
quantity of Ag’ so collected was determined by a 
radiochemical assay with a Geiger-Miiller tube. The 
activity of the condensate, C,, was then compared 
with that of a standard, Cs, containing a known 
weight, W;, of the oven charge. The weight of 
material which passed through the collimator, on 
the basis of M = 110, is then given by 


Gor == ee Ws [di] 


To correct for difference in weights between Ag and 


Ag’, the tactor/ must be introduced if re- 


110 
107.88 
sults are to be reported as the vapor pressure of the 
normal mixture of stable silver isotopes or 


aCe \/ 110 
Gos = Gy Wes 107.88 


Substituting the equivalents for G,,,,, and Gr and 
solving eq 2 for Piz, the final equation is obtained, 


AT ADR Ce \/ coe 
ee at. Gs © V 107.88 
D? + 4d? /2 
Sade 7 VOW 


If eq 6 is to apply, certain geometrical and physical 
conditions must be established within the system.’ 
These may be summarized as follows. 

1. The mean free path, », of the vapor within 
the oven must be several times the orifice diameter, 
¢. To better establish the ratio of \/¢, permissible 
if the cosine distribution law is to be obeyed, a series 
of four determinations were made at 1280°K. The 
results are summarized in table I. 


[5a] 


Table I. Variation of Apparent Pressure with )/¢ 


Approxi- 
mate 
Mean 7 A ic 
Free Path ot ae 
Temp, A=1/v204r Diam, Pressure 
°K 62 nm (em) @ (em) r/o (mm of Hg) 
mi280:2 25 0.026 104 7.01 x 10-3 
1280.0 2.5 0.045 58 7.42 x 10-3 
1280.5 25 0.10 25 7.28 x 10-3 
_-— 1280.5 2.5 0.20 12.5 6.86 x 10-3 


For the purpose of this experiment, \ was calculated 


TOM a he — where § is the molecular di- 


V2 en 
ameter (estimated as 4x10° cm for Ag), and n is 
- the number of molecules per cm* at the tempera- 
ture and pressure under consideration. The “true” 
value of the pressure at 1280°K, again for the pur- 
pose of this investigation, was chosen from the best 
line for 10 points, above 1233.5°K, presented in this 
paper. The value is approximately 7.30x10° mm of 
Hg. The results indicate no significant difference in 
the apparent pressure as \/¢ decreases from 104 to 
12.5. For all points determined by the molecular 
beam technique and presented in this paper, the 


ratio of }/¢ was always considerably in excess of 
this minimum value. 

2. The mean free path, d,, of the residual gases 
between the orifice and target must be several times 
the orifice to target distance. For the data herein 
presented, the ratio is less than 0.03, considering a 
residual gas pressure of 3x10° mm Hg and an orifice 
to target distance of less than 6 cm. This assures 
collection of at least 97 pct of the portion of the 
beam defined by the collimator. 

3. The effective sample area, O, from which 
evaporation takes place should be large compared to 
the orifice area, a, i.e., the rate of evaporation should_ 
be much greater than the rate of effusion. 

4. All components between the orifice and target 


__ should be adequately cooled to condense the incident 


beam. 
5. The orifice temperature must be as high or 
higher than other portions of the oven. 


Apparatus 


Details of the assembled apparatus are shown in 
fig. 1. The oven assembly (A) consisted of a tanta- 
lum body containing the Ag + Ag™,* covered by 


* Agl0 implies radioactive silver, mass No. 110. 
Ag implies the normal mixture of stable isotopes, at. wt = 


a nickel oven lid upon which was welded a 0.003 in. 
nickel orifice plate. Orifices were prepared from the 
nickel sheet by dimpling and then polishing the 
convex protrusion until a hole of the desired di- 
ameter was produced. The coolest portion of the 
oven, hence the effective temperature of the system, 
was that of the oven base where temperature 
measurements were made. 

The oven was supported by three, pointed tungsten 
wire legs which rested in a conical hole, V-groove, 
and rectangular notch in the silica block (B). The 
cell was surrounded by three, concentric, clear 
quartz radiation shields (C), between which was 
placed 0.003 in. slotted tantalum sheet. An outer 
shield of alundum (D) surrounded the entire as- 
sembly. Heating of the oven was effected by the 
externally wound induction coil (E). 

Oven temperatures were determined by a Pt—Pt- 
10 pet Rh thermocouple (F) tamped into a drilled 
hole in the oven bottom. The couple was calibrated 
against a standard couple inserted into the oven 
cavity through the opening in the oven lid. 

The copper collimator (G), containing a sharp 
edged hole of known area, was screwed into the 
copper tubing target container (H) and held the 
copper guide block (I) rigidly against the bottom 
edge of the target container. The entire collimator- 
target container assembly was held against the 
ground shoulder of the dry ice-acetone cooling 


jacket (J) by means of the tension spring (K). A 


magnetically operated target ejector (L) was used 
to push target disks (M) into the target receiver 
(N). Alternate disks served only as shields to in- 
terrupt the beam and permit adjustment of tem- 
peratures and accurate timing of each target ex- 
posure. Disks used for targets and the standard 
were identically prepared. Each consisted of an 
aluminum disk, 0.870 in. in diam by 0.185 in. thick. 
One face was recessed 0.030 in. to permit reception 
of a 0.003x0.800 in. diam tantalum target. The 
target was secured by a wire ring to permit re- 
moval of the tantalum and re-use of the aluminum 
disks. Tantalum was chosen for the target material 
because of its great inertness to atmospheric at- 
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Fig. 1—Vapor pressure apparatus. 
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tack and apparently higher accommodation co- 
efficient for the silver beam.** 


** Three trial runs were made using both Ta and Ag sheet as the 
’ target material. In all cases, the vapor pressure as determined 
from the amount of condensate, was significantly higher (20 pct) 
for the Ta targets. The effect is not that expected and appeared 
to be due to the presence of an oxide or sulphide layer on the Ag 
which lowered its condensation coefficient for Ag vapor below that 
of Ta. The latter had a much cleaner appearance than the silver. 
The edge of the beam shadow was always sharp on the tantalum 
target, and no activity was found on other parts of equipment 
between collimator and target. 


The collimator and targets were cooled by con- 
duction from the dry ice-acetone mixture, while 
the walls of the pyrex vacuum chamber were cooled 
by a water jacket (O). The collimator tempera- 
ture was always below 200°C to remove effectively 
all of the silver vapor striking it. 

The orifice to collimator distance was adjusted by 
using thin cylindrical spacers at the bottom of the 
pyrex support (P), and the distance was measured 
indirectly from the similar triangles defined by the 
orifice, collimator diameter, shadow diameter, and 
the fixed collimator to target distance. 

The system was evacuated through a liquid nitro- 

gen trap by an air-cooled oil diffusion pump backed 
by a mechanical pump. The residual gas pressure 
was measured with an ionization gauge. This sys- 
tem permitted maintenance of pressures less than 
3x10° mm of Hg with the oven at 1050°C. 


Experimental Procedure 


The oven charge was prepared by diluting 1/5 
unit of radioactive Ag*® (~ 7 millicurie) with 2.7 


g of fine silver powder, Lot No. 4303-D of the LORS y 
Metals Refining Co. Since the radioisotope was re- 
ceived as AgNO,, it was necessary to precipitate 
Ag™ as the hydroxide and then decompose this to 
metallic Ag’ by heating. 

Following melting to effect homogenization of 
Ag” throughout the charge, a weighed sample was 
taken from the oven and dissolved in dilute HNO. 
An aliquot part representing 18.8 micrograms of the 
oven charge was then evaporated upon one of the 
target disks for use as a standard. To reduce the 
possibility of counting errors due to unevenness of 
the evaporated layer, several disks were prepared. 
Their counting rates were similar within the limita- 
tions of the counting equipment. The apparatus was 
assembled as indicated in fig. 1. " 

Both the oven and charge were outgassed by 
heating in vacuo to greater than 1000° until the 
residual pressure, at the temperature of the run, 
was less than 3x10° mm of Hg. Upon attainment 
of the desired pressure and temperature of opera- 
tion, the first target was exposed by magnetically 
ejecting the interrupting disk into the target re- 
ceiver. During the exposure, temperature readings 
were taken at intervals of from 3 to 10 min depend- 
ing upon the total exposure time. The average of 
the temperature measurements was taken as the 
effective cell temperature, and the average root 
mean square deviation for all points reported was 
approximately 0.8°C. The accuracy of the reported 
temperatures is within +1°C. 

Target exposures were made for various tempera- 
tures and orifice sizes, the time in each case being 
adjusted to collect approximately the same amount 
of silver on each target. By using the magnetically 
operated ejector, exposure times were controlled 
within +0.05 pct. 

Under no condition of exposure reported was the 
ratio \/¢ less than 35, this minimum value being 
applicable to the highest point, 4-Y, at 1328.8°K. 
Measurement of orifice areas before and after ex- 
posures indicated a difference of less than +2 pct, 
attributable only to accuracy of the method of 
measurement used. 

The weight of silver deposited on each target was 
determined by counting the rate of radioactive dis- 


VAPOR PRESSURE OF Ag, mm. of Hg. 


I/T x 10*, *K 


Fig. 2—Vapor pressure of silver (T < 1233.5°K). 
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integration (C;) with a Geiger-Miller tube. This 
rate was compared with that of the standard (Ca), 
counted both before and after the unknown target. 
For each experimental point reported, the value of 
the product of their ratio (C,/ Cs) and the weight 
of silver on the standard (W;) is the average of the 
corrected counting rates+ for three counts totaling at 


rt ‘gues oe aa ae pre is the observed rate corrected for 
SS a kPa eee A 
‘least 10,000 counts each for both the standard and 
the unknown. 

To ascertain whether both the standard and ex- 
perimental targets contained the same material, de- 
cay curves were run on both the standard and one 
of the targets prepared by condensation of the 


vaporized material. Statistically, there is no sig-~ 


nificant difference in the half-lives of the two Ag” 
specimens prepared by independent methods. This 
would indicate that the two specimens represent the 
same population, i.e., radiocontaminants, if any are 
present, are of no consequence in the determination 
of vapor pressure by the method employed. 


Data and Results 


The geometrical conditions applicable to and the 
= results of 21 target exposures, covering the tempera- 

ture range 1023.6° to 1323.8°K, are given in table 
Il.¢ The methods of determining orifice area (a), 

¢ For tables II and III (2 pages) order Document 2856 from 
American Documentation Institute, 1719 N St., N.W., Washington 
6, D.C., remitting $0.50 for microfilm (images 1 in. high on stand- 
ard 35 mm motion picture film) or $0.50 for photocopies (6x8 in.) 
readable without optical aid. d 
orifice to collimator distance (d), exposure time (tf), 
average temperature (T), and the weight of target 


ae etl) 
il Cc : —— i 
silver (C,/Cs - Ws 07.88 ), have been previously 


described. Vapor pressures were calculated by 
substitution of the observed values in eq 6. 

A plot of the results showing log P vs. reciprocal 
temperature is given in fig. 2. The indicated curve 
was derived by first determining the best straight 
lines, by the least square criterion, for all data be- 
low the melting point (1233.5°K) and another for 
all data above the melting point. From these, the 
pressure at the melting point was calculated from 
the statistically weighed data for each curve extra- 
polated to the melting point. So calculated, the best 
value for the vapor pressure at the melting point is 
3.34x10° mm of Hg as against 3.30x10° mm of Hg 
for the solid curve and 3.36 mm of Hg for the 
liquid curve. This value is well within the stand- 
ard deviation for either set of data. 

With the pressure at the melting point fixed, the 
best line for the solid phase was recalculated to 
give that shown in fig. 2. The applicable equation 
follows: 


I. log p = 8.887 — 1.402 - 10*/T (for 1023.6°K < 
T < 1233.5°K) AH; = 64.1 + 0.7 kcal/mol 


where AH; is the heat of sublimation. 

Since the experimental data included in this paper 
cover only a relatively narrow portion of the liquid 
silver range, the curve for temperatures greater 
than 1233.5°K has been recalculated to include the 
data of both von Wartenberg® and Fischer* for rea- 
sons to be discussed later. 

Fig. 3 is a replot of 26 points for liquid silver 
from this determination, von Wartenberg, and 
Fischer. The curve for the solid phase is given as 
for fig. 2 and again the pressure at the melting point 


is fixed at 3.34x10° mm of Hg. The vapor pressure 
equation for the liquid curve is calculated to be, 
II. log p = 8.342 — 1.334x10*/T (1233.5°K <T < 
2443.0°K) AH, = 61.0 + 0.2 kcal/mol 
where AH, is the heat of vaporization. From this 
curve, the boiling point of silver is calculated to be 
2443.0°K. 
Both sets of data used in calculating eqs. I and II 
show excellent correlation (>0.999) to a linear plot 
of log P vs. 1/T. This would indicate little or no 
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Fig. 3—Vapor pressure of silver (T > 1233.5°K). 


deviation from the empirical relationship existing 
between the temperature and vapor pressure over 
the range covered. Z 

From the two equations, AH¢usion is found to be 
3.1 + 0.7 keal/mol, which includes Kelley’s’ best 
value of 2.855 kcal/mol. 


Discussion of Results 


Of the previous studies on the vapor pressure of 
silver, only one, that of Jones, Langmuir, and Mac- 
kay,° covered the low-temperature range included 
in this work. Their results were obtained from free 
vaporization of silver from a heated filament, and 
it has been realized for some time that their values 
are much too low. 

Measurements were made by Harteck’ over the 
temperature range 1196° to 1344°K by measuring 


- the weight loss of silver contained in a quartz cruci- 


ble with an orifice. The orifices used were 1 to 3 
mm in diameter, and if it is assumed that Harteck 
used the 1 mm orifice at 1344°K, his ratio of \/¢ 
was considerably less than 10 and in the range 


-where the probability of collision at the orifice has 


an appreciable value. Moreover, precise information 
is lacking on the residual pressure within Harteck’s 
system. Conceivably it could have been great 
enough to cause back scattering at the orifice, hence 
a further lowering of the apparent pressure. 

The boiling point given by Hansen*® has been dis- 
regarded for lack of information concerning his 
methods. The experiments of Greenwood’ and of 
Ruff and Bergdahl” appear to be unacceptable due 
to the use of porous crucibles which lead to anom- 
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alous effects when gases are present in the system. 

A complete discussion of these porosity effects is 
given by Fischer,‘ who repeated the methods of 
Greenwood and Ruff and Bergdahl with nonporous 
crucibles to show that reliable results could be ob- 
tained. Fischer’s work covers the range from 1823°K 
to the boiling point (2425°K by his determination). 
The latter point was determined by the method of 
Greenwood, i.e., by visually observing the start of 
surface agitation as the temperature of the silver 
was slowly raised. For his other points, Fischer 
employed the technique of Ruff and Bergdahl which 
involved the determination of the rate of weight 
loss of silver through an orifice as the temperature 
of the crucible was raised at a uniform rate. When 
the vapor within the crucible reached the pressure 
of the residual gas in the surrounding vessel, the 
rate of weight loss increased markedly. 

Von Wartenberg used the gas saturation method. 
Pure nitrogen was passed over the silver and then 
analyzed for the silver picked up. This procedure 
was repeated at the same temperature for several 
different gas velocities. The gas velocity vs. silver 
concentration curve obtained was then extrapolated 
to a zero gas velocity to give the saturation value 
and a measure of the equilibrium pressure. 

From a survey of the high-temperature data on 
silver vapor pressures, it would appear that the 
results of von Wartenberg and Fischer are the most 
reliable. For determination of the vapor-pressure 
curve for the liquid phase, the results of other ob- 
servers have been disregarded. 

The test for consistency generally applied to 
vapor-pressure data is the calculation of the heat 
or energy of vaporization at absolute zero (AH?°,), 
combining thermodynamic properties of the con- 
densed phases determined by thermal measurements 
with the thermodynamic properties of the vapor 
phase determined by the statistical mechanical 
treatment of spectral data and the experimentally 
determined vapor pressures. A complete discussion 
is given by Aston” and by Speiser and Johnston.” 

This relation can be expressed as, 


ABP cs (ees) ae (Ea 
7 — agers — Spor vapor 


where, AH”®, is heat of vaporization at absolute zero; 
H°, is heat content at absolute zero; F° is standard 
free energy; and T is absolute temperature. F° — 
_ H°,/T for the condensed phases may be obtained 
from Kelley.” Graphical integration of heat capacity 
data from Kelley* leads to H** — H°®, = 1374 
cal/mol and S*** — S’ = 10.20 entropy units. For 
temperatures above 1600°K, Kelley’s’ equations for 
Hr, — Has and Cp have been employed. A small 
error possibly results from this extrapolation. 
For the vapor phase, 


Eo’, 


a (27) */ ke? 
T Saag ( 


ee) + 5/2 Rin T + 
3/2RiInM+RinQ—RinP 


where, M is molecular weight; k is Boltzman’s con- 
stant; h is Planck’s constant; N is Avogadro’s num- 
ber; P is the observed vapor pressure; and Q is the 
multiplicity of the ground state of the atom, which 
is 2 for silver.“ Higher energy states may be neg- 
lected for few Ag atoms will exist at higher levels 
for the temperatures under consideration. 


The test of the data is given in table III, and the 
consistency of AH°, (67.7 + 0.6 kcal/mol) must be 
considered satisfactory. It compares very favorably 
with similar tests on vapor-pressure data reported 
for other metals. This test does not check the ab- 
solute values of the vapor pressures, but it does 
show that the log p vs. 1/T straight line relation- 
ship is an adequate representation of the data over 
the temperature range employed and that the slope 
is consistent with the heat-capacity measurements 
over that same range. 


Summary 


The vapor pressure of silver in the temperature 
range 1023.6° to 1323.8°K has been experimentally 
determined using radioactive Ag™ and the molecular 
beam technique. From these determinations, the 
vapor-pressure curve for solid silver has been re- 
calculated to give appreciably higher pressures in 
the low-temperature range than heretofore reported 
by Harteck. For the liquid silver range (1233.5° to 
2443°K), data from this paper and higher tempera- 
ture data of von Wartenberg and Fischer have been 
considered in a recalculation of the vapor-pressure 
curve. All data used have been checked thermody- 
namically by determining the consistency of the 
heat of vaporization at absolute zero (AH’,) as cal- 
culated from the experimentally determined vapor 
pressures and accepted heat capacities, entropies, 
and heat of fusion. 
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On the Martensitic Transformation at Temperatures 


Approaching Absolute Zero 


by S. A. Kulin and Morris Cohen 


Plastic deformation and straight-cooling experiments on 18-8 and 

1 pct C, 20 pct Ni steels demonstrate that the martensitic trans- 

formation proceeds with characteristic rapidity even at temperatures 

approaching absolute zero. These results indicate that the atom-by- 

atom growth mechanism for martensite formation is invalid, at least 
in the alloys studied. 


T a recent symposium on thermodynamics in 

physical metallurgy* two opposing theories of 
the austenite-martensite transformation were pre- 
sented. Both theories agreed that this type of re- 
action involves a nucleation process which requires 
activation and that the activated nuclei develop into 
the well-known martensite plates with tremendous 
speed. However, there were essential differences in 
the two points of view concerning the nature of the 
nucleus and the mechanism by which the nucleus 
propagates. 

‘According to Cohen, Machlin, and Paranjpe,” the 
nucleus is a strain center with sufficient elastic 
energy to initiate a cooperative displacement among 
the atoms of the parent phase when a sufficiently 
low temperature is reached. This displacement prop- 
agates as a wave in shear-like fashion to transform 
the austenite into martensite without benefit of dif- 
fusion. On the other hand, Fisher, Hollomon, and 
Turnbull’ regard the nucleus as a solute-poor region 
(in the austenite) of a size which becomes super- 
critical relative to coherent growth into martensite 
when an appropriately low temperature is reached. 
This growth process is taken to be an atom-by- 
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atom transfer from the receding austenite lattice to 
the advancing martensite lattice through the co- 
herent interface that exists between the two phases. 

The present paper is not concerned with the di- 
vergent views as to the nature of the nucleus but 
describes some critical experiments which differ- 
entiate between the two proposed mechanisms of 
propagation. Fisher* has summarized the latter issue 
in the following way: According to the cooperative 
displacement theory, the speed of formation of mar- 
tensite plates should not be decreased by lowering 
the temperature, and martensite should form with 
extreme rapidity at very low temperatures; whereas 
with the alternate growth process, the speed of the 
martensite transformation should be retarded at 
very low temperatures, decreasing to zero at the 
absolute zero. The atom-by-atom growth mechanism 
predicts a marked slowing down of the reaction rate 
with decreasing temperature because the rate of 
self-diffusion in the austenite is involved in this 
picture. For example, Fisher, Hollomon and Turn- 
bull’ estimate that the activation energy for this 
growth process in steel is (0.34)°(0.36)* times the 
activation energy for self-diffusion in y-iron. The 
two most recent determinations of the latter quantity 
are 67,900° and 74,200’ cal/mol, which may be aver- 
aged as 71,000 cal/mol. This, in turn, gives a value 


* 0.36 is the fraction of the activation energy required to move 
an atom one full lattice spacing, and 0.34 is the fraction of a lattice 
spacing that an atom is assumed to move in the growth of marten- 
site out of austenite. 
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of 3000 cal/mol for the activation energy of the 

atom-by-atom process, and hence the rate of growth 
- 8,000 


should vary as e | where R is the gas constant 
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Fig. 1—Transformation in commercial 18-8 steel 

produced by compressive impact of 11 pct strain 

at various temperatures. 


Relative extent of transformation is shown in terms of (a) 

magnetic intensity measurements and (b) ratio of X-ray 

diffraction intensities, using the (110) line of the martensite 
(ferrite) and the (111) line of the austenite. 


(1.99 cal/mol/°K) and T the absolute temperature. 

Forster and Scheil* report the time of formation 
of a martensite plate as about 70 microsec in a 29 pct 
Ni-71 pct Fe alloy which has an Ms temperature at 
approximately 223°K (—50°C). Let us assume that 
these observations would apply at a temperature as 
low as 196°K (—77°C) — the dry ice and acetone 
temperature. Then at 77°K (—196°C) — the liquid 
nitrogen temperature, the time of formation would 


3,000 
196R 


e 


bezi02 S10" x = 10 sec, which is long 


3,000 
TR 


e 
enough to permit suppression by fast cooling. Cor- 
respondingly, the time of formation at 4°K (—269°C) 
— the liquid helium temperature, would be 70 


3,000 


e 196K 
10° & ——— = 25 X 10” sec or 8 10“ cen- 
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turies. In other words, the atom-by-atom mechanism 
requires that the propagation of martensitic plates, 
although extremely rapid at ordinary temperatures, 
must stop at temperatures approaching absolute 
zero. This is a necessary consequence, even if the 
activation energy were an order of magnitude less 
than 3000 cal/mol, say, 300 cal/mol. With the latter 
value, a 70 microsec process at 196°K (—77°C) 
would take 250 centuries at 4°K (—269°C). 

On the other hand, the propagation of a shear- 
like displacement of atoms in a cooperative move- 
ment would not be subject to such retardation at 
very low temperatures because the elastic constants 


of a lattice are relatively insensitive to temperature 
variations compared to the effect on atom-by-atom 
diffusion rates. Accordingly, it becomes possible to 
distinguish between the two theories by ascertaining 
whether the martensitic transformation proceeds in 
a characteristically rapid fashion at temperatures 
approaching absolute zero or whether it becomes 
prohibitively slow. Of course, in designing such a 
critical experiment, one must choose alloys which 
have sufficiently low M; temperatures so that rea- 
sonable quantities of austenite are available for the 
transformation near absolute zero. Furthermore, the 
conditions of the experiments must be selected to 
avoid stabilizing effects’ which might stop or inhibit 
the transformation even at moderately high tem- 


peratures. 
The Approach 


There are two general ways of conducting these 
experiments. First, an alloy might be selected which 
has such a low M; temperature that the martensitic 
transformation curve (percent martensite vs. tem- 
perature) shows the normal increase with decreas- 
ing temperature below about 100°K (—173°C). 
Then the question would be “does the transforma- 
tion continue in the usual manner if the cooling is 
extended to 4°K or does it stop below a certain 
temperature because of time limitations?” Secondly, 
one might select an alloy which remains austenitic 
even down to 4°K and then apply plastic deforma- 
tion to see if any appreciable amount of martensite 
results. This should be quite possible according to 
the shear mechanism, but not according to the atom- 
by-atom process. In the latter instance, nuclei might 
be generated by the deformation, but no substantial 
growth to form martensitic plates could occur when 
the diffusion rate is virtually nil. Both types of 
experiments were performed in this work, using 
18-8 stainless steel for the plastic deformation tests, 
and 20 pct nickel steels for the straight cooling tests. 
In both cases, the results clearly demonstrated that 
the atom-by-atom growth theory is invalid, at least 
for these materials. 

In addition, attempts were made to detect some 
evidence that the martensitic transformation could 
be inhibited by rapid cooling at low temperatures. 
Kurdjumov and Maksimova” have reported that the 
reaction can be suppressed at temperatures in the 
range of 208° to 77°K (—65° to —196°C) in a 0.6 
pet carbon, 6 pct manganese steel, and this has been 
cited as support for the nucleation and atom-by- 
atom growth theory. In the present experiments, no 
suppression was observed even down to 4°K. 


Plastic Deformation Experiments 


Commercial 18-8 steel of the composition given in 
table I was found to undergo no martensitic trans- 
formation on cooling to 1°K (—272°C). However, 
it is known that the transformation can be induced 
by plastic deformation” at temperatures below 


Table I. Analysis of Materials 


Desig- 

nation Cc Cr Ni Mn 
18-8 0.057 20.00 8.95 0.39 
LCP AgINi 0.95 0.08 11.97 0.17 
0.5C, 20 Ni 0.52 0.04 19.99 0.37 
1C, 20 Ni 1.00* 0.05 19.58 0.39 
0.6C, 8 Mn 0.62 8.1 


* Of this amount, 0.14 pct is graphitic carbon. 


) P 10) N Al 
5 0.002 0.008 0.008 
1 0.027 0.009 
7 0.015 0.010 
0 0.022 0.010 
7 0.034 0.023 0.030 
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Ni 


Fig. 2—Microstructure of 18-8 austenitic steel. 


(a, left) before and (b, right) after 11 pct compressive deformation at 77°K (—196°C). 
Etched with HCl and HNOz in methyl alcohol. 


water quenched to room temperature. 


373°K (100°C), and hence 18-8 stainless is an ap- 
propriate material for this type of experiment. 
Specimens 0.500 in. long x 0.250 in. diam were 
austenitized for 30 min at 1150°C (2100°F) in pre- 
purified nitrogen and were water quenched to room 
temperature. Each specimen was then placed in a 
fixture, cooled to a predetermined temperature, and 
deformed by compressive impact to a strain of ap- 
proximately 11 pct. The temperatures used were 
293°K (20°C), 196°K (—T77°C), 77°K (—196°C) 
and 4°K (—269°C), the latter three temperatures 
being attained by immersion in dry ice + acetone, 
liquid nitrogen and liquid helium respectively. 
The magnetic and X-ray measurements plotted 
in fig. 1 show that the amount of transformation 
resulting from the deformation increases progres- 
sively with decreasing temperature. Typical micro- 


structures are shown in fig. 2. There is no question 
but that the reaction responded promptly to the de- © 


formation, even at 4°K, during the split-second 
taken by the straining operation. Some magnetic 
determinations were made at the low temperatures 
immediately after the deformation, and it was as- 
sured that the transformation occurred during the 
straining, and not on warming back to room tem- 
perature. 

In order to demonstrate that these phenomena 
were not a peculiarity of impact deformation, a 


comparatively slow compression was carried out at 


17°K (—196°C), with the 11 pct strain being accom- 
plished in 2 to 3 min. As indicated in fig. 1, the ex- 
tent of transformation was virtually identical with 
that produced by the impact. 

It was also suggested** that the heat generated 


** Private communication, J. H. Hollomon. 


ae ae ee NS Ae 
during the deformation might raise the specimen 
temperature enough to provide much higher diffu- 
sion rates than would be expected at the nominal 
temperatures of the liquid baths. This possibility 
was eliminated by means of a special device which 
permitted very slow straining in tension of 0.125-in. 
diam specimens while completely immersed in liquid 
helium. Specimens were pulled slowly in this way 


Originally austenitized at 1150°C (2100°F) and 
(a) X150 and (b) X2500. 


over a period of 90 min at 4°K, without any bubble 
evolution in the liquid helium, thus insuring no de- 
tectable rise in temperature. Magnetic tests on the 
strained specimens while still in the liquid helium 
showed that the transformation had taken place. 


Straight Cooling Experiments 


High-carbon, high-nickel steels have a suitable 
martensitic temperature range for critical trans- 
formation studies on straight cooling. The three 
nickel steels listed in table I were available for this 
work, but only the 1 pct C, 20 pct Ni steel had a 
sufficiently low Ms temperature to throw any light 
on the issue at hand. However, the results on the 
three steels are included here for comparison. 

Samples 1% in. long x % in. diam were austenitized 
at 1095°C (2000°F) for 30 min in prepurified nitro- 
gen, and were oil quenched to room temperature. 


7 Furnished by S. G. Fletcher, of the Latrobe Electric Steel Co., 
Latrobe, Pa. 


They were then cooled to various subzero tempera- 
tures for 3 min and returned to room temperature. 
The extent of transformation was determined in 
two ways, (1) magnetically without further treat- 
ment, and (2) by lineal analysis” after “darkening” 
the martensite at 315°C (600°F) for 10 sec. Both 
types of measurements clearly revealed the course 
of the martensitic reaction, but only the lineal- 
analysis results are reported here because they pro- 
vide absolute values without requiring any calibra- 
tion. 

The martensite transformation characteristics for 
the three steels, as shown in fig. 3, are quite typical. 
The 1 pet C, 12 pet Ni and 0.5 pct C, 20 pct Ni curves 
flatten out at about 80 pct martensite below 77°K 
(—196°C), but this is not due to lack of diffusion. 
Self-stopping of the martensitic reaction on cooling, 
even at much higher temperatures, is well known. 
In the later stages of the transformation, stabiliza- 
tion effects and obstruction by the existing mar- 
tensite’ inhibit the reaction. For example, the cool- 
ing transformation stops at 173°K (—100°C) in both 
high-speed steel® and high-carbon, high-chromium 
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Fig. 3—Martensitic transformation curves for three 
nickel steels, austenitized at 1095°C (2000°F) and 
oil quenched to room. temperature. 


Specimens were then cooled to the indicated temperatures for 

3 min, returned to room temperature, and tempered at 315°C 

(600°F) for 10 sec to ‘‘darken’” the martensite for lineal 
analysis. 


steel,’ and at 113°K (— 
steel.** 

The curve for the 1 pct C, 20 pct Ni steel in fig. 3 
is displaced to lower temperatures relative to the 
other two curves, and so the transformation is well 
underway as 77°K (—196°C) is approached. It is 
evident that the transformation does not stop on 
cooling below this temperature; the amount of mar- 
tensite increases from 27 pct at 77°K (—196°C) to 
42 pet at 4°K (—269°C). Despite the low tempera- 
tures involved, there is no indication that the trans- 
formation is being retarded. In fact, the 1 pct C, 20 
pet Ni curve has the same general shape as the 
other two curves in the family and the pattern is 
quite similar to that observed for plain carbon” and 
low alloy” steels at higher temperatures. 

Micrographs of the low-temperature martensite 
are presented in fig. 4. Many of the plates are ex- 
tremely thin, compared to those formed at higher 
temperatures, presumably due to the prevailing 
constraints. Fig. 4c illustrates a new phenomena: 
some of the intersecting plates pass right through 
each other. Apparently, at these low temperatures, 
an advancing plate is not necessarily stopped by a 
plate lying in its path, but may propagate through 
to the other side. This suggests that the advancing 
plate strikes the first one with considerable mo- 
mentum and the impulse may nucleate the process 
on the opposite side of the obstruction. Such a phe- 
nomenon is entirely consistent with a cooperative 
shear displacement but would be most unlikely on 
the basis of an atom-by-atom growth mechanism. 

The formation of martensite in the 1 pct C, 20 pct 
Ni steel was observed “in action” by cooling polished 
specimens under a microscope. Surface upheavals 
due to the martensitic displacements were clearly 
visible. In all cases, each plate popped into view 
with such rapidity that the time of formation could 
only be estimated as a small fraction of a second. 
Moreover, there was no noticeable retardation in 
the propagation rate as the temperature dropped. 

In all these experiments, no evidence of suppress- 
ibility of the martensitic reaction was detected. 
Small specimens of the 1 pct C, 20 pet Ni steel under- 
went the expected amount of transformation when 
the cooling time from room temperature to 4°K 
(—269°C) was reduced to 5 sec. Admittedly, this is 


160°C) in plain carbon tool 


not an extremely fast quench, but it adequately 
demonstrates that the suppression predicted by the 
atom-by-atom theory does not occur. An attempt 
was also made to find suppression in manganese 
steels, as reported by Kurdjumov and Maksimova” 
for a 0.6 pct C, 6 pet Mn alloy having an Ms at 
—65°C. The composition available? for this test (see 


+ Furnished by Howard Avery, of the American Brake Shoe and 
Foundry Co., Mahwah, N. J. 


table I) had a slightly higher manganese content, 
and therefore should have a somewhat lower Ms 
temperature, than that of the 0.6 pct C, 6 pct Mn 
alloy. Instead the Ms; temperature, after austenitiz- 
ing at 980°C (1800°F) to dissolve all the carbide 
was found to lie slightly above room temperature, 
and no suppression was observed despite drastic 
quenching. 

One final experiment was tried with the 1 pct C, 
20 pct Ni steel. An austenitized specimen was cooled 
to 4°K in the tensile device previously mentioned, 
and pulled slowly (to avoid possible temperature 
rise) to fracture in liquid helium. The amount of 
martensite increased from the 42 pct produced by 
straight cooling to 84 pct as a result of the plastic 
deformation. The latter structure is shown in fig. 4d. 


Conclusions 


1. The martensitic transformation has been 
studied at temperatures approaching absolute zero 
in plastic deformation and straight cooling experi- 
ments, using commercial 18-8 and 1 pct. C, 20 pct 
Ni steels. In both cases, the transformation pro- 
ceeds with characteristic rapidity, even at 4°K 
(—269°C). 

2. The extent of the transformation produced 


_ by a given amount of deformation increases with 


decreasing temperature of deformation, and is in- 
sensitive to the rate of straining within the limits 
investigated. 

3. The straight cooling transformation in the 1 
pet C, 20 pct Ni steel continues in typical fashion 
down to 4°K (—269°C), the lowest temperature 
employed. The martensitic plates propagate with 
great speed, even at low temperatures. No suppres- 
sion of the reaction due to fast cooling was de- 
tected. 


4. These findings invalidate the atom-by-atom 


growth mechanism of martensite formation, at least 


in the alloys studied, because such a process would 
become infinitesimally slow at temperatures ap- 


_ proaching absolute zero. 


5. On the other hand, a mechanism of martensite 
formation involving a shear- like displacement of 
atoms in a cooperative movement is strongly sup- 
setae by these findings. 
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Fig. 4—Microstructures of 1 pct C, 20 pct Ni steel after heat treatment according to caption of fig. 3. 


(a) Cooled to 77°K (—196°C). K1000. (b) Cooled to 4°K (—269°C). X1000. (c) Cooled to 77°K (—196°C). Arrows indicate where marten- 
sitic plates cross each other. X1500. (d) Cooled to 4°K (—269°C) and pulled to fracture. X200. All etched with 4 pct nital containing 
4 1 pet zephiran chloride. 
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The Supercooling of Aggregates 
of Small Metal Particles 


by David Turnbull 


Aggregates of small metal droplets of mercury, bismuth, gallium, 
and lead have been supercooled to a much greater extent than 
have large continuous liquid masses of the same metals. These 
results are interpreted on the basis that breaking a large liquid 
mass into small droplets isolates inclusions that usually catalyze 
nucleation in a small fraction of the droplets so that most must 

nucleate homogeneously. 


ECENTLY it has been shown that aggregates of 

small liquid droplets of tin,* mercury’ or gal- 
lium’ kept from intercommunicating by suitable 
films do not solidify at an appreciable rate unless 
the supercooling is very much greater than that 
usually necessary to cause a large continuous mass 
of the metal to solidify. For example oxide-coated 
tin droplets’ (1 to 10 micron diam) must be super- 
cooled 100° to 110°C before their rate of solidifica- 
tion becomes rapid, although large continuous masses 
of liquid tin usually begin to solidify when super- 
cooled 30° or less.* 

These experiments have been interpreted’ on the 
hypothesis that nucleation of crystals in large con- 
tinuous metal samples is almost always catalyzed 
by accidental inclusions. Therefore, if the metal is 
dispersed into a number of isolated droplets large 
in comparison with the number of inclusions, most 
of the droplets should not crystallize until a tem- 
perature sufficiently below the thermodynamic melt- 
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Fig. 1—Low (a) and high (b) temperature 
dilatometers. 


ing point, T,, has been reached to permit an ap- 
preciable rate of homogeneous (noncatalyzed) nu- 
cleation. In general this temperature is very much 
less than the temperature at which the rate of 
heterogeneous (catalyzed) nucleation is appreciable. 
If this interpretation is correct then investigation 
of the kinetics of crystallization of small droplet 
aggregates should be one of the most fruitful methods 
of obtaining information about the homogeneous 
formation of crystal nuclei in liquids. 

In this paper the results obtained on gallium and 
mercury are reported more fully. In addition, re- 
sults on the supercooling of aggregates of liquid 
bismuth and lead droplets are included. 


Experimental Procedure 


Some care must be exercised in the choice of a 
barrier to prevent the liquid droplets from coalescing 
lest the barrier itself catalyze the formation of crystal 
nuclei. From this standpoint, the most desirable 
barrier is vacuum or inert gas, but, because of the 
difficulty of experimental arrangement, solid com- 
pounds and adsorbed films have been selected. There 
are two guiding principles in the selection of com- 
pounds as barriers in addition to the requirement 
that they prevent coalescence of liquid droplets. 
First, the compound should be almost insoluble in 
the liquid metal and second, its lattice structure 
should be quite unlike that of the forming metal 
erystal. Even so, there is no a priori assurance that 
the solid compound film will not catalyze to some 
extent the formation of metal crystal nuclei. An 
adsorbed protective monolayer is less likely to be 
catalytic than a crystal compound film, but it is not 
often possible to find a monolayer that is stable 
under the experimental conditions. Also, it is de- 
sirable, though not generally essential, that the ag- 
gregate of droplets be prepared by breaking up the 
massive metal rather than from a powdered com- 
pound of the metal. 
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_ The sources and purity of the metals used in this 
investigation are given in table I. Aggregates of 
gallium or mercury droplets were prepared by 
manually shaking the molten metal in the appro- 
priate solution. To form the droplet aggregates 
coated with sodium oleate, the solution used was 95 
pet ethyl alcohol saturated with sodium oleate. A 
solution of % g of iodine per 100 cc of 95 pet ethyl 
alcohol served to disperse mercury droplets and 
coat them with an iodide film. The resulting drop- 
let sizes are given in table I. 

A film of bismuth oxide was formed on bismuth 
oes by heating the powder in air for 1 hr at 

Bat 

Lead “chloride” or “sulphate” coatings were 
formed by treating the powder with one half normal 
solutions of the corresponding acids. The particles 
were then filtered, washed with alcohol, and heated 
in an oven at 125°C to drive off moisture. Lead 
iodide coatings were formed similarly excepting 
that an alcoholic solution of iodine and acetic acid 
was used instead of the aqueous acid solution. It 
seems likely that the lead surface coatings were 
basic salts rather than the normal salts. 


Dilatometry, Low Temperature 


A typical dilatometer employed in the low- 
temperature work on gallium and mercury is shown 
in fig. la. The dilatometer fluid used was 95 pct 
ethyl alcohol. The liquid level in the capillary was 
read to £0.02 em by means of a cathetometer. The 
dimensions of the dilatometer and size of the sam- 
ples were chosen so that the liquid level changed 
3 to 6 cm upon solidification and so that readings 
could be taken from temperatures well above the 
melting point to well below the solidification tem- 
perature. ‘ 

Temperatures were determined from measure- 
ments with a G.E. thermocouple potentiometer of 
the potentials developed by a copper-constantan 
thermocouple. Above dry-ice temperature, a con- 
stant temperature bath containing trichlorethylene 
and controlled by a bimetallic thermoregulator was 
used. The coolant, acetone at dry-ice temperature, 
was pumped through a copper coil immersed in the 


bath. For below dry-ice temperature, the bath _ 


arrangement that proved most satisfactory consisted 
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Fig. 2—Bath used in low temperature experiments. 


of a well insulated can containing freon 11 entirely 
surrounded (except for outlets) by a controlled 
bath of the same fluid, as shown in fig. 2. The ex- 
ternal bath was cooled by liquid nitrogen circulated 
in copper coils. 

Dilatometer readings were taken as a function of 
temperature through a cooling-heating cycle that 
began and terminated above the thermodynamic 
melting point and that extended to the tempera- 
tures of complete solidification. In cooling, the bath 
was held at a given temperature until the dilato- 
meter reading remained constant for an appreciable 
period before the temperature was again lowered. 
After solidification, the sample was warmed at a 
constant rate of approximately 1°C per min. With 
this heating rate the temperature of the sample dif- 
fered from that of the bath by only a fraction of a 
degree excepting while melting took place. 


High Temperature 


Fig. 1b is a sketch of the high-temperature dilato- 
meter. Para (mp 212°C, bp 376°C) or meta (mp 
86°C, bp 363°C) diphenyl-benzene proved satisfac- 
tory as dilatometer fluids for the lead and bismuth 


Table I. Source, Purity, and Droplet Size of Metals Investigated 


Metal 


Initial 
Form 


Diam of 
Particle 
Particle Having 
Pro- Size Mean 
tective Range, Volume, 
Film (Micron) (Micron) 
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Source Wt Pct 
Triple 
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Mercury 


Liquid 


Adsorbed 
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Mercuric 
iodide 


un ee ea ee 
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Sodium 
oleate 
adsorbed 


50-300 200 


Smee ee ee 


Bismuth 
Amend 


Powder 


10 


2-100 | 50 


| Bismuth, | 


eee ee ee a ks 


Eagle- 
Picher 99.94 


Lead | 


Powder 
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or 
sulphate 
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Fig. 3—Fraction of iodide-coated mercury particles 
solidified as a function of amount of supercooling 
(AT-_). 


respectively. During the measurements, 14% atm 
pressure of nitrogen or helium was maintained in 
the dilatometer in order to prevent cavitation. An 
electrically heated, 32 mil nichrome wire wound 
around the fluid reservoir and capillary caused the 
diphenyl-benzene to remain liquid. 

Temperatures were obtained by a Woods metal 
bath heated in a vertical nichrome wound furnace, 
and a chromel-alumel couple was used in tempera- 
ture measurement. Dilatometer readings were taken 
as a function of temperature in a cooling-heating 
cycle during which the temperature was changed 
continuously (1° to %°C per min) both in cooling 
and heating. Close agreement between bath and 
sample temperatures, excepting during melting and 
rapid solidification, was confirmed by the fact that 
cooling and heating curves coincided within the 
experimental error when the metal was completely 
melted or solid. 


Thermal Method 


For measuring the temperature at which the 
major part of the transformation took place, the 
thermal method proved more convenient, though as 
applied, less accurate than the dilatometric method. 


One junction of a copper-constantan thermocouple 


was placed in a thermocouple well embedded in the 
sample that was contained in an evacuated pyrex 
tube, and the other was placed in a well in the 
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Fig. 4—Dilatometer readings vs. temperature on 


aggregate of mercury particles coated with sodium 
oleate. 


Woods metal bath. The ends of the copper wires 
were connected to a G.E. portable high sensitivity 
(10° amp/mm) galvanometer that thus registered 
deflections proportional to the temperature differ- 
ence between the sample and the bath. 

Galvanometer readings were taken as a function 
of temperature during a heating-cooling cycle that 
was scheduled in the same way as in the dilato- 
metric experiments. 


Results, Mercury 

Fig. 3 shows the percent of iodide-coated mercury 
particles transformed, calculated from dilatometric 
data, as a function of the supercooling, AT_. Appre- 
ciable solidification begins at AT. = 43 but most 
takes place at AT. = 46 (—85°C). These results 
were reproducible for a given sample and for others 
prepared in the same way. 

Quantitative measurements of the isothermal rate 
of solidification are being made now. However 
qualitative experiments have indicated that the fre- 
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Fig. 5—Fraction of small gallium particles solid- 
ified as function of supercooling (AT_) and (*) 
supercooling of 1-g continuous samples. 


quency of solidification of iodide-coated droplets 
changes by a factor of at least 10 per 1°C in the 
range —82° to —85°C. For example, in one experi- 
ment no transformation was perceptible in a sample 
for a period of 1 hr at —82°, but it solidified com- 
pletely within 1 min at —85°. 

Fig. 4 shows dilatometer reading as a function of 
temperature during a cooling-heating cycle for an 
aggregate of droplets dispersed in alcoholic sodium 
oleate. Most of the transformation takes place at 
AT_ = 39, but it is interesting that the rate at AT_ 
= 33 is much more rapid upon quenching from AT_ 
== 39 than upon cooling from the melting tempera- 
ture. In view of the results with iodide-coated par- 
ticles, these phenomena cannot be accounted for in 
terms of slow growth of mercury crystals at AT_ 
= 39. Rather, since the droplets often agglomerated 
upon melting, a reaction in which the film becomes 
no longer protective (possibly due to precipitation 
or discharge of adsorbed ions) is indicated. If the 
film no longer prevents welding at AT. — 39, the 
sample could be completely solidified by nuclei 
formed heterogeneously. 


Gallium 


Fig. 5 shows the fraction of an aggregate of gal- 
lium droplets solidified as a function of AT_. Trans- 
formation begins at AT. = 70 (—40°C) and is com- 
pleted at AT. == 82° (—52°). 
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Fig. 6—(a) Dilatometer reading vs. temperature 
in cooling heating cycle of oxide-coated bismuth 
powder (b) fraction of bismuth solidified as a 
function of supercooling (AT_). 


Solidification of some continuous 1-g samples of 
gallium sealed in evacuated quartz tubes was fol- 
lowed by the thermal method. When the maximum 
temperature, T,., attained in the liquid state after 
melting was only a few degrees above the melting 
point, T., AT. was a function of thermal history 
(i.e., AT_ proportional to T,, — T, = AT,). How- 
ever, AT_ was independent of AT, for values of the 
latter ranging between 50° and 1000°C. Values of 
AT_ corresponding to solidification of various 1-g 
samples for which AT, = 50 are indicated in fig. 5 
by asterisks. The values were characteristic of each 
sample and ranged between 30° and 56°. The super- 
cooling of these specimens was very sensitive to 
mechanical vibrations. Vigorous manual shaking 
sometimes decreased the characteristic AT_ by 
about 15°. 

Bismuth 


Dilatometer readings obtained in an experiment 
on the solidification of bismuth powder are plotted 
against temperature in fig. 6a. The fraction of the 
sample solidified, calculated from these data, is 
shown as a function of the supercooling in fig. 6b. 
Although there is perceptible solidification at AT-_ 
as small as 65°, the major part of the sample (more 
than 70 pct) transforms at AT_ = 90. 

For the experiment just described AT, = 9°. In 
a second experiment for which AT, = 2.5 the major 
part of the sample again solidified at AT. = 90° and 
observations‘ confirmed this for values of AT, as 
’ Jarge as 100°. 
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Fig. 7—Fraction of “iodide” coated lead particles 
solidified as function of supercooling. 


These experiments show that the marked thermal 
history dependence of solidification temperature ob- 
served by Webster’? on large continuous bismuth 
samples is entirely absent in small particles that 
solidify at the maximum supercooling. From this 
result it may be concluded that the thermal history 
phenomenon in solidification generally is not in- 
herent in the properties of the substance itself but 
is connected with extraneous influences. 

It was established that the temperature coefficient 
of the solidification frequency of bismuth droplets 
is also very large. For example one sample of bis- 
muth droplets was cooled slowly to AT_ = 86° then 
heated slowly to AT_ = 46° and held there for 12 
hr. Upon subsequent slow cooling no perceptible 


_solidification took place until AT. — 90°. 


Lead 


Fig. 7 shows the fraction of “iodide” coated lead 
particles solidified as a function of AT_ as calculated 
from dilatometric data. Essentially the same curve 
was obtained from two experiments. The major part 
of the sample crystallized in the range AT. — 55° 
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Fig. 8—Supercooling (AT_) of lead particles with 
different surface coatings. 


~to 65° but a small significant fraction does not 


crystallize until the sample is quenched to AT_ > 
80°. 

The course of solidification of chloride-coated 
lead powder was followed by the thermal method. 
In fig. 8 the galvanometer deflection (proportional 
to amount of solidification) is plotted against AT-. 
The major fraction of the sample solidified in the 
same range as the iodide-coated powder in the 
dilatometric experiments (i.e. AT. = 55° to 65°C). 
A small fraction appears to solidify in the range 
AT. = 80° to 90°C although the evidence is less 
definite than in the dilatometric experiments. This 
curve was very reproducible and independent of 
AT, values ranging from 15° to 55°. 

Although most of the particles crystallized around © 
AT. — 60 in the two sets of experiments, the tem- 
perature of appreciable homogeneous nucleation is 
believed to be in excess of 80° supercooling because 
of the dilatometric evidence. If this be so, then the 
crystallization that took place at AT. = 60° must 
have been catalyzed either by some heterogeneities — 
within the particle or by surface films. In order to 
impart the property to the films of preventing the 
particles from coalescing when liquid, it was neces- 
sary to heat the aggregates at 100°C in air before 
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the experiments. Therefore it seems reasonable to 
suppose that the films consisted of basic lead halide. 

Definite evidence of nucleation catalysis by sur- 
face films was found in the thermal experiments 
on “sulphate’’-coated lead powder. Fig. 8 shows 
galvanometer deflections as a function of super- 
cooling in one of these experiments. Two definite 
peaks were observed and their presence and loca- 
tion checked in several experiments. One of them 
centers at AT. = 20° and the other at AT. = 47° 
and both are well above the temperature range at 
which the major part of the ‘“‘chloride” and “iodide” 
coated samples crystallized. Essentially the same 
results were obtained for AT, = 15° or 55°. 

Since the particle size distribution was identical 
in the several sets of experiments, the most reason- 
able interpretation of the results seems to be that 
the products of a reaction between lead and the 
sulphate coating (possibly PbO or Pb.O and PbS) 
catalyze the formation of lead crystals. Apparently 
nucleation was catalyzed by two major substances 
in the film. The most effective of these could have 
been in contact with the metal in only a fraction 
of the particles else the entire sample would have 
crystallized around AT_ = 20°. 

These results are reminiscent of those obtained 
by Wang and Smith’ on the solidification of tin par- 
ticles in an aluminum matrix and suggest that the 
solidification behavior of an aggregate of droplets 
may be described conveniently in terms of a num- 
ber distribution curve with respect to solidification 
temperature. It is evident that the particles do not 
distribute themselves uniformly with respect to 
solidification temperature but tend to fall within 
certain discrete narrow bands of temperature each 
of which is perhaps associated with the catalytic 
action of a particular impurity.’ 


Discussion of Results 


Table II summarizes the data on supercooling 
that were obtained in this investigation. In this 
table, the maximum supercooling observed on small 
particles is compared with the maximum reported 
on large continuous samples. by various investi- 
gators. Generally, the amount of supercooling of 


small particles is very much greater than that of the’ 


large continuous samples. However, it is an im- 
portant fact that in gallium, which has the most 
complex crystal structure of the metals studied, the 
disparity is not so great (76° to 55°). 


_ Table Il. Summary of Supercooling Data 


Maximum 


Supercooling 
°C(AT_) 
Diam of | __ 
Particles 
Protective Having Large 
Film on Mean | Small Con- 
Small Volume,| Par- | tinuous 


Metal — Particles (Micron)| ticles | Samples AT=/To 
ov ————ssSsSSSssSss 


Sodium oleate 
Mercury 4* 
Mercuric iodide 


Gallium | Sodium oleate + 
gallium oxide 200 76 55 0.25 
Bismuth | Bismuth oxide 10 | 90 | 30* 0.165 
Lead Lead iodide + 
Lead oxide 12 80 3* 0.13 


* Data from reference 3. 


There is good evidence that the rate determining 
step in the solidification of small particles is not 
the growth but the nucleation of crystals. For exam- 
ple, in continuous 1-g samples of gallium supercooled 
to AT. — 35° to 55°, the crystal growth rate after 
the nucleation period was too rapid to measure and 
was certainly greater than 1 cm per sec. It might be 
expected that metal crystals having more simple 
structures than gallium would grow into their melts 
with even greater rapidity at comparable super- 
cooling. 

Also, it is an important fact that mild mechanical 
vibrations that have such a marked effect in pro- 
moting the crystallization of the larger continuous 
gallium samples have no observable effect upon the 
course of small particle solidification. 


Summary 


Aggregates of small particles of liquid mercury, 
gallium, bismuth, and lead were supercooled to 
temperatures that are respectively 0.80, 0.75, 0.84, 
and 0.87 of the absolute melting temperature before 
the rate of crystal nucleation became appreciable. 
This amount of supercooling is much greater than 
usually observed on large continuous samples. 

The rate determining step in the solidification of 
small particle aggregates is not the rate of crystal 
growth but the rate of crystal nucleation. 

These results can be interpreted satisfactorily if 
it is supposed that the effective crystal nucleation 
catalysts usually present in large continuous speci- 
mens are isolated on a small fraction of the result- 
ing particles when the specimen is broken up. 

There is no thermal history effect upon the solid- 
ification behavior of the major fraction of liquid 
bismuth small particle aggregates. 

It has been demonstrated that lead sulphate films 
are more effective in catalyzing the formation of lead 
crystals than are the lead halide films. Two well- 
defined temperature ranges of solidification were 
found in the sulphate-coated lead powder. It is be- 
lieved that each of these ranges is associated with 
the catalytic action of a specific product of the re- 
action between liquid lead and lead sulphate. 

Although the solidification of large continuous 
gallium samples is promoted by mild mechanical 
vibrations, these have no observed effect upon the 
solidification behavior of small particle aggregates. 
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The Ductility of Cast Molybdenum 


by R. B. Fischer and J. H. Jackson 


The ductility of a cast ingot of carbon-deoxidized molybdenum was 
studied by means of a series of bend tests. The ductility of the cast mo- 
lybdenum was shown to be a highly directional property. Heat treatment 
at 2100°F improved the ductility. The cast texture, cleavage planes, and 

microstructure of cast molybdenum are discussed. 


ERY little is known about the properties of rela- 
tively pure refractory metals in the cast state 


since these metals are customarily made by powder- - 


metallurgy methods. Recently, the development of 
the vacuum arc-melting furnace has made possible 
the study of large, sound ingots of cast molybdenum. 
The ductility of molybdenum, at room tempera- 
ture, may vary considerably. Often the brittle state 
depreciates the utility of molybdenum, even for the 
material prepared by powder-metallurgy techniques. 
At the outset of this program, it was felt that if the 
causes of brittleness were to be determined it might 
be possible to reduce the difficulties met in the work- 
ing of molybdenum. Also, the problem of producing 
strong, fusion weldments of molybdenum might be 
solved. ' 
The conditions required to produce ductile mo- 
lybdenum by the powder-metallurgy technique are 
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reasonably well known. A fibrous or elongated-grain 
structure has good ductility although this property 
is probably directional. The equiaxed structure ob- 
tained in fully recrystallized molybdenum has been 
considered to be brittle. The reasons for this be- 
havior of molybdenum have not been established. 

The preparation of cast molybdenum ingots by 
the vacuum-arc method was described by Parke and 
Ham.” By this method, ingots weighing up to 250 Ib 
were produced.’ Parke and Ham’ found that mo- 
lybdenum ingots containing more than approxi- 
mately 0.0025 pct oxygen could not be hot forged. 
On the other hand, they found that fully deoxidized 
cast molybdenum, containing up to 0.06 pct carbon, 
could be hot forged. However, the as-cast ingots 
containing either carbon or oxygen were brittle at 
room temperature. Parke and Ham,* Woodside,’ and 
Zapffe, Landgraf, and Worden‘ noted the inter- 
granular precipitation of oxide or carbide in cast 
molybdenum. 

This study—part of an extensive program on mo- 
lybdenum—had the following objectives: (1) To 
investigate the causes for the brittleness of cast 
molybdenum at room temperature, (2) to investi- 
gate the means for improving the ductility of cast 
molybdenum at room temperature, and (3) to add 
to the knowledge of cast molybdenum and of cast 
metals in general. 
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Fig. 1—Grain patterns in transverse sections of 
cast molybdenum, ingot No. 447. 


Note “are centers’ and porosity rings. Etched by Coons’ 
method.5 X1. Area reduced approximately one third in repro- 
duction. 


The cast molybdenum ingot used in this research 
was made by the vacuum-arc melting process.* This 
ingot, No. 447, was about 4 in. in diam and 13 in. 
in length. It weighed 56 lb. 


* The ingot was obtained from the Climax Molybdenum Co. 


The surface defects of the ingot had been removed 
by machining. The cutting tool had alternately 


Fig. 3—Fractured surfaces of specimens shown in 
fig. 2. 


X1. Area reduced approximately one fifth in reproduction. 


Fig. 2—Same specimens as shown in fig. 1 after 
fracture by impact blow. 


Note radial fracture. X1. Area reduced approximately one 
third in reproduction. 


glazed and cut the stock at the ends of the ingot so 
that a rough macrostructure was revealed. This in- 
dicated the effect of grain orientation on machin- 
ability. 

The ingot was reported by the supplier to contain 
0.034 pet carbon. A check analysis of 0.032 pct car- 
bon was obtained at Battelle. Qualitative estimations 
of impurities in the ingot were determined spectro- 
scopically. The analyses for Si, Fe, Mn, and Sn, were 
within the limits of 0.001 to 0.01 pct; less than 0.001 


pet of Cu, Ca, Cr, and Mg were detected. 


The density of the 56-lb ingot was measured by 
the water displacement method and found to be 
10.14 g per cm* at about 78°F. The density of 
molybdenum at room temperature is usually con- 
sidered to be 10.2 g per cm*. 


Type of Fracture 


The initial problem was to determine the type of 
fracture that occurred in the cast molybdenum 
ingot at room temperature. Parke and Ham’ inferred 
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that intercrystalline fractures occurred in cast mo- 
lybdenum. Zapffe, Landgraf, and Worden‘ reported 
that both intergranular and transgranular fractures 
occurred in cast molybdenum at room temperature. 

Two slabs, % in. in thickness, were sectioned from 
the top and bottom of the ingot. The faces of these 
slabs were electropolished and etched by Coons’ 
method’ to bring out the grain structure shown in 
fig. 1. The pattern of the grain indicated that the 
arc had been off-center part of the time during the 
melting operation. A ring of small gas holes was 
concentric about the “arc center.” 

The section in fig. la was fractured by an impact 
blow on the edge of the polished face. The bottom 
section was fractured by a blow on the machined 
face. These fractures are shown in figs. 2 and 3. The 
respective photographs of fig. 2 and fig. 1 can be 
matched to show that the fractures were largely 
intererystalline. The fractures converged on the “arc 
center” of the ingot sections. The observations indi- 
cated that the grain boundaries of the cast mo- 
lybdenum were considerably weaker than its cleav- 
age planes under impact loading. The porosity ring 
did not form a line of weakness in the top section 
of the ingot. 

The grain pattern of the ingot was such that small, 


_Marrow splinters of grains could be obtained from 


\ 


the fractured surfaces. It was possible to bend the 
very ends of the splinters to form minute hooks. 
This indicated that the individual grains were 
ductile. 


Grain and Crystal Orientation 


The grains of the ingot were found to be elongated 
with irregular, cross-sectional areas of less than 
about 4% sq in. and up to about 2 in. in length. The 
longer grains were shaped like boomerangs. Typical 
grain patterns are sketched in fig. 4. Fig. 4a indicates 
that the isotherm pattern was somewhat regular 
during the solidification period. Fig. 4b shows a con- 
dition in the same ingot in which the isotherm pat- 
tern probably changed rapidly at some time during 
solidification. The result was that the longitudinal 
axes of some adjacent grains formed large angles 
with one another as shown in fig. 4b. Evidently wide 
ranges of grain patterns are possible in ingots pre- 


‘pared by the vacuum-arc process. 


The cleavage facets, where transgranular frac- 
tures had occurred, were examined by use of an 
X-ray spectrometer. These facets were found to be 


the cube faces or (100) planes of the crystals. 


The cleavage facets were oriented so that the 
major axis of the grains was approximately either 


‘perpendicular or parallel to the facets. This means 


that molybdenum, like other cubic metals (see ref- 
erence 6) has a casting texture in which the [100] 
direction is normal to the isotherms during solidi- 
fication. 

Tsien and Chow’ reported that slip occurs in mo- 
lybdenum along the (112) planes at 20° and 300°C, 
and along the (100) planes at 1000°C. The slip 
direction was always [111].’ 


Microscopical Examination 


The microscopical examination of various speci- 
mens from ingot No. 447 revealed the presence of 
inclusions at the grain boundaries and also within 
the grains. These inclusions have been identified 
tentatively as a molybdenum carbide. Fig. 5 shows 
the inclusions and gas porosity within the grain. 


Figs. 6 and 7 show the inclusions at the grain boun- 


Table I. Bend Test Data for As-cast Molybdenum at 
Room Temperature. 


Specimens from Climax Ingot No. 447 


: Platen Angle 
Speci- Orientation of Speed, Breaking of 
men Major Axes In, per Load,t Bend, 
No. ot Grains Min Lb Deg 
5* Transverse, vertical} 94 0 
19 Transverse, horizontal 0.005 434 0 
20 Transverse, horizontal 0.005 449 0 
Average 442 0 
41 Longitudinal 0.0012 735 22.5 
43 Longitudinal 0.0014 898 42.0 
44 Longitudinal 0.0014 742 19.0 
Average 792 28.5 
16 Longitudinal 0.005 964 36.5 
17 Longitudinal 0.005 921 27.5 
18 Longitudinal 0.005 754 11.0 
56 Longitudinal 0.005 858 21.5 
Average 924 24.0 
45 Longitudinal 0.02 830 11.5 
51 Longitudinal 0.02 890 13.5 
59 Longitudinal 0.02 1,124 29.0 
Average 948 18.0 


* Accidentally given an impact loading. 

+ Terminology indicates major axes of grains were transverse to 
specimen axis and parallel to direction of applied load. 

~ Specimen size, 0.15 in. by 0.25 in. by approximately 1 in. 


daries. The shapes of the inclusions in three dimen- 
sions are probably needle-like. The inclusions were 
surprisingly well distributed throughout the speci- 
mens. The width of the inclusions was about 0.0006 
in. maximum. The hardness of the inclusions ap- 
peared greater than that of the matrix because 
scratches in the matrix caused by polishing com- 
pounds were often interrupted by the inclusions 
which stood in relief. A Knoop hardness number of 
230 (100-g load) was obtained on one inclusion, 
although the indentation was not confined to the 
inclusion alone. The Knoop hardness number of the 
matrix was 170 (100-g load). 


Transverse Bend Tests 


The transverse bend test was selected as a means 
of evaluating the ductility of cast molybdenum be- 
cause: (1) The bend test is commonly used to evalu- 
ate the strength and ductility of brittle materials. 
(2) Small specimens of cast molybdenum could be 
tested. Thus, greater utility could be made of the 
available ingot. (3) Specimens could be selected to 
have a rather definite grain orientation. (4) Speci- 


A 


raat 


Fig. 4—Typical grain patterns of longitudinal sec- 
tions of cast molybdenum ingots. 
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mens could be machined easily in the form of rec- 
tangular beams. 

It was determined that a satisfactory size for the 
specimens was 0.15 in. depth by 0.25 in. width by 
about 1.0 in. length. The specimens were machined 
from slabs cut from the ingot. Some cracks were 
noted in these slabs. These cracks were along grain 
boundaries and were probably the result of shrink- 
age of the ingot during cooling. The slabs were 
etched to reveal their grain orientation, as shown 
in fig. 4. In this way, specimens with definite grain 
orientation could be prepared. A quadrant system 
was established so that the original position of each 
specimen in the ingot could be identified. The speci- 
mens were cut from the slabs and ground to the 
proper cross-section with a Norton 32A46K5VBE 


Fig. 5—Micrograph of carbide inclusions and gas 
porosity within a grain of cast Mo. (upper left). 


Red rouge-chromic acid polish followed by electrolytic etch. 
X1500. Area reduced approximately one third in reproduction. 


Fig. 6—Micrograph of carbide inclusion at a grain 
boundary of cast Mo. (upper right). 


Red rouge-chromic acid polish followed by electrolytic etch. 
4500. Area reduced approximately one third in reproduction. 


Fig. 7—Micrograph of carbide inclusion at a grain 
boundary in cast Mo. (lower left). 


Etched by Coons’ method. 1500. Area reduced approxi- 
mately one third in reproduction. 


wheel. The grind marks ran longitudinally so that 
notch effects were minimized. 

The specimens were selected with the major grain 
axes either approximately parallel or approximately 
transverse to the longitudinal axis of the specimen. 
It was difficult to prepare the ‘‘transverse-grain” 
specimens because intergranular fractures occurred 
frequently during the grinding process. The “longi- 
tudinal-grain” specimens were machined without 
difficulty and consisted of about 5 grains. These ob- 
servations showed that the grain boundaries were 
particularly weak when exposed to tensile stresses 
normal to the boundaries. \ 

The specimens were loaded at the center by means 
of a load applicator of %-in. diam. The distance 
between supports of the specimen was % in. 


Table II. Bend Test Data for Heat-treated Cast Molybdenum at Room Temperature. 
Specimens from Climax Ingot No. 447 


Speci- Orientation of Breaking Angie 
men Major Axes Load, of Bend, 
No. Treatment of Grains Lb* Deg 

28 Packed in titanium chips Transverse, horizontal 640 7.07 
29 and heated in vacuum (1 Transverse, horizontal 433 5+ 
53 micron pressure) at 2100°F Longitudinal 1,016 37.0 
54 for 2 hr Longitudinal 858 27.0 
48 Packed in titanium hydride Transverse, horizontal 606 5.07 
31 and heated in purified hy- Longitudinal 842 23.0 
52 drogen at 2100°F for 20 hri Longitudinal 922 29.0 
57 Packed in molybdenum chips Longitudinal 7171 21.0 
58 and heated in nitrogen at Longitudinal 1,002 53.0 


2100°F for 2 hr 


* Platen speed was 0.005 in. per min. Specimen size was 0.15 in. b 


y 0.25 in. by approximately 1 in. 


+ Compare these values with those for specimens Nos. 19 and 20 in table I. 


{ Specimens were slightly warped after this treatment. 
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The first series of tests was conducted at room 
temperature. The specimens were loaded at a uni- 
form speed until fracture occurred. The angle of 
bend for the specimens was measured to an accuracy 
of + 0.5°. The results are given in table I. 


Table III. Bend Test Data for Hot-rolled Cast 
Molybdenum at Room Temperature. 


Specimens from Climax Ingot No. 447 


; g i Reduc- Break- | Angle 
Speci- Direction tion Specimen ing of 
men of Hot of Area, Orienta- Load, Bend, 
No. Rolling Pet tion Lb* Deg 
25A Parallel to longi- 50 Transverse 930 13 
25B tudinal axes of 50 to direction | 1,040 24 
25C as-cast grains 50 of rolling 1,136 33 


* Platen speed was 0.005 in. per min. Specimen size was 0.15 in. 
by 0.25 in. by approximately 1 in. 


No ductility was observed for the “transverse- 
grain” specimens. The “longitudinal-grain” speci- 
mens were ductile and bend angles for these speci- 
mens ranged from 11.0° to 42°. Although scatter of 
_the data was too great to suggest a high level of 
significance, there appeared to be a trend for the 
average bend angle to decrease with increase in the 
rate of bending; 28° for a rate of 0.001, 24° for 0.005, 
and 18° for 0.02 in. per min. Specimen No. 15 was 
accidently given an impact loading and the break- 
ing load of this specimen was about one fifth that 
of the other “transverse-grain” specimens. 

_ The “‘transverse-grain” specimens fractured inter- 

granularly in contrast to the predominately trans- 
granular fractures of the “longitudinal-grain’”’ speci- 
mens. 

Another series of bend tests was made on speci- 
mens machined from ingot No. 447. These specimens 
were heat treated to determine if the grain-boundary 
inclusions could be removed or altered in shape by 
heat treatment. The data are summarized in table II. 

Specimens Nos. 28, 29, 53, and 54 were heated in 
a vacuum for 2 hr at 2100°F. Specimens Nos. 28 and 


29, both “‘transverse-grain” specimens, were tested | 


and the bend angles obtained were 7° and 1.5°, 
respectively. Bend angles of 0° were obtained for 
similar specimens in the as-cast conditions, as given 
in table I. Therefore, the ductility of the specimens 
was improved by heat treatment. No significant im- 
provement in ductility resulting from the heat treat- 
ment was noted for the “longitudinal-grain” speci- 
mens, Nos. 53 and 54. 

Similar results were obtained for specimens heat 
treated in purified hydrogen for 2 hr. A “‘transverse- 
grain” specimen, No. 48, had an angle of bend of 5°. 
- Specimens Nos. 57 and 58, both “longitudinal- 
grain” type, were heated in purified nitrogen for 2 
hr at 2100°F. The treatment did not impair their 
ductility and Specimen No. 58 had a bend angle of 
Ban. 

Examinations of the heat-treated molybdenum 
specimens under the microscope did not reveal why 
the “transverse-grain” specimens were more ductile 
than when in the as-cast condition. The fractures 
and microstructures of the specimens heat treated 
at 2100°F were not distinguishable from those of the 
as-cast material. 

- Additional information was obtained from bend 
test specimens prepared from hot-rolled sections of 
ingot No. 447. Four sections of the ingot were heated 


to 2300°F and hot-rolled in one direction. The ma- 
terial was reheated to 2300°F after each pass. At- 
tempts to roll cross-grain were not successful. The 
disastrous effect of tensile stresses normal to the 
grain boundaries was evident at high temperature. 
However, it was found possible to roll in a direction 
parallel to the long axes of the grains. From one of 
the rolled sections, three bend test specimens were 
obtained. 

The bend test data for these specimens are given 
in table III. It seems significant that these hot-rolled 
specimens, when tested in what was the cross- ~ 
grained direction of the original structure of the 
ingot, showed substantial ductilities with bend angles 
up to 33° and an average for the tests, about 23°. 


-~ This is in quite marked contrast with about zero 


bends for the original material. 


Summary of Results 


The present study was confined to one cast mo- 
lybdenum ingot which had been deoxidized by addi- 
tion of carbon. The following tentative conclusions 
have been made: (1) During solidification, the grains 
of the molybdenum ingot apparently grew with a 
major crystallographic axis parallel to the long axis 
of the grain and normal to the critical isotherm. (2) 
The grain boundaries of the ingot were particularly 
weak when subjected to tensile stress normal to the 
boundaries. (3) The ductility of the cast molybdenum 
ingot was highly directional as shown by bend tests 
on small polycrystalline specimens. (4) Individual 
grains appeared ductile. (5) Heat treatment of the ~ 
cast molybdenum at 2100°F in vacuum, or in puri- 
fied hydrogen, improved the ductility. (6) Heat 
treatment of the cast molybdenum at 2100°F did 
not result in detectable changes in the microstruc- 
ture. (7) Hot working of the cast molybdenum at 
2300°F materially improved the ductility in what 
had been the cross-grain direction in the original 
ingot. (8) The cleavage plane of the cast molybdenum 
was the cube face. 
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The Textures of Cold-Rolled and Annealed Titanium 


by Howard T. Clark, Jr. 


Pole figures showing both cold-rolled and annealed (sub-trans- 
formation temperature) textures of high-purity titanium are pre- 
sented. These textures are significantly different from those of other 
hexagonal close-packed metals in two respects: (1) for heavily cold- 
rolled material the basal-plane pole figures show two high intensity 
regions lying in the transverse direction, and (2) the annealed tex- 

ture is different from the rolled texture. 


O previous determinations of the deformation 

or recrystallization textures of titanium or of 
titanium-base alloys have been reported in the 
literature. The room-temperature structure of 
titanium is hexagonal close-packed with a c/a ratio 
less than 1.633. It would be expected, therefore, 
to have a rolling texture similar to that of other 
hexagonal close-packed metals, namely (0001) 


[1010]. Burgers and Jacobs’ have shown that zir- 
conium, a metal isomorphous with titanium in its 
structure and similar in many of its properties, has 
such a texture with a scatter of the basal plane 
toward the transverse direction. This scatter is in 
the opposite direction from that found in magne- 
sium by Bakarian’ but similar to that reported by 
Smigelskas and Barrett’® for beryllium. The rolling 
and annealing textures reported here for high- 
purity iodide titanium are significantly different 
from the textures‘of any other hexagonal close- 
packed metal. 

All titanium used during this investigation was 
prepared by the iodode process.* The annealed 
hardness of this material varied from 73 (material 
used for sample No. 2) to 97 Vickers hardness num- 
ber. An estimate of the chemical composition of 
this grade of titanium has been reported by Finlay 
and Snyder.’ With one exception, shown. in table I, 


Table I. The Rolling and Annealing Schedule of 
Samples Investigated 


Reduc- 
: tion in 
Preparation Area, 
Pct 


Sample 


al Annealed ingot cold rolled from 0.385 to 98.4 
0.006 in. Pickled to 0.004 in. 


ae As-deposited rod ground to 0.268 in. thick, 99 
annealed, cold rolled to 0.0026 in. 


3 Ingot ground to 0.165 in., annealed, cold 75 
rolled to 0.041 in. Part of sample pickled to 
0.004 in. 

4 Ingot ground to 0.120 in., annealed, cold 90 


rolled to 0.012 in., pickled to 0.004 in. 
5 Sample 1 + 500°C anneal. 
6 Sample 2 + 500°C anneal. 


a ee ee eee 

* Material of especially high purity prepared by the iodide 
process: using iodide titanium as the raw material, i.e., by redis- 
tillation. Its as-deposited and vacuum-annealed hardness was 73 
Vickers hardness number. 


the as-deposited titanium was cast into 10 to 20 g 
ingots in an electric are furnace in purified argon 
before being rolled to sheet. 

The cast ingots were forged and ground until 
their cross-section was approximately rectangular, 
annealed 1 hr at 700°C in vacuum and cold rolled. 
Rolling was carried out in a two-high, 4 in. diam 
mill, using reductions no greater than 10 pct per 
pass. The direction of rolling was reversed after 
each pass, and, in order to avoid temperature effects, 
the sheet was allowed to cool after each pass. Unless 
the rolled sheet was sufficiently thin for X-ray 
penetration (about 0.004 in.), it was reduced to this 
thickness by pickling. Because of the possibility of 
introducing twinning or other deformation during 
grinding, no attempt was made to maintain uniform 
thickness of the sample during pickling by inter- 
mediate grinding or sanding operations. Those 
samples to be used for determining the annealed 
texture were recrystallized by vacuum annealing the 
cold-rolled sheet for 1 hr at 500°C. These thin 
samples were held between thick titanium sheets 
during annealing to prevent distortion. 

Table I outlines the rolling and annealing 
schedule of those samples for which photograms or 
texture patterns are shown. 


X-ray Techniques 


The usual techniques for determining textures 
were employed during this work. Molybdenum 
radiation was used for the transmission exposures 
and copper radiation for the glancing angle ones. 
Since titanium fluoresces under these Conditions, it 
is necessary to employ a filter between the sample 
and the film. The K@ radiation filters are very 
satisfactory for this purpose. 

Sufficient grains having favorable orientation 
were present in both the cold-worked and in the 
cold-worked—500°C annealed samples to provide 
satisfactory patterns with the samples stationary. 

Because of the difficulties of comparing intensities 
of transmission photograms with those obtained 
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when using glancing angles, and because of dif- 
ferences due to beam absorption as a function of 
sample orientation, only three degrees of intensity 
—heavy, light, and absent—were determined. ‘This 
was done visually. 


Discussion of Results 


A few, typical, glancing angle photograms taken 
with CuKea radiation are shown in fig. 1. Fig. 2 shows 
the pole figures of material cold rolled 98.4 pct 
reduction in area while the basal-plane pole figure 
for this same sample after a 500°C vacuum anneal 
is shown in fig. 3. . 

While the rolling and annealing textures reported 
here for high-purity iodide titanium tend toward 


the (0001) [1010] texture common to other hexa- 


gonal close-packed metals, particularly those having 
a c/a ratio less than 1.633, the basal-plane pole 
figure shows the development of two high-intensity 
regions spread about the transverse direction. Ex- 
amination of fig. 1 shows that this double texture 
for the basal plane has started to develop at about 
75 pet reduction in area and becomes more pro- 
nounced as reduction is continued. It is also shown 
that the sub-transformation recrystallized texture 
of heavily cold-rolled titanium, fig. 3, is different 
from its deformation texture, at least in degree if 
not in type, and further emphasizes this basal-plane 
double texture. This difference is also very apparent 
from a comparison of fig. le with 1d. This marked 
difference between the deformation and the re- 
crystallization textures is not as pronounced for 
material having reductions in area less than about 
96 pct. It was also observed during this investiga- 
tion that the material at the center of the sample 
reduced 75 pct (sample 3, 0.041 in. thick) had a 
somewhat more pronounced basal-plane double 
texture than did the surface material. This dif- 
ference was not observed on the thin samples re- 
sulting from greater reductions. 


RD 


Fig. 2 (above)—Pole figures for titanium cold 
rolled 98.4 pct reduction in area. 
(a, left) (0001) planes. (b, center) (1011) planes. (c, right) 
(1010) planes. Ideal textures indicated by small circles. 


Fig. 3 (lower right)—Basal-plane pole figure 
= for titanium annealed 1 hr at 500°C after 98.4 


Fig. 1—Glancing angle X-ray photograms for alpha 
titanium. 


(a) cold rolled %5 pet (b) cold rolled 90 pet (c) cold rolled 
99 pct (d) cold rolled 99 pet and recrystallized at 500°C. 
Beam 90° to cross direction and 20° to rolling direction. Roll- 
ing direction vertical. Inner ring, faint in most photograms, 


(1010) planes, middle ring (0001) planes, outer ring (1011). 


Critical examination of the three pole figures 
shown in fig. 2 leads to the conclusion that the 
(1011) plot (fig. 2b) is not a realistic representa- 
tion of the texture that would be expected for these 
planes if the basal-plane texture is as represented 
in fig. 2a and if the (1010) poles are in the rolling 
direction. This is explicable on the basis that an 
insufficient number of intensity gradations were 


pet reduction in area by cold rolling. 
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employed to represent accurately small but im- 
portant differences. 

The c/a ratio of the titanium lattice is 1.5873° 
and, therefore, the angle between the basal plane 


and the (1012) planes (the common twinning planes 
for all hexagonal close-packed metals,’ is 42°30’. 
Because of this condition, reorientation of the basal 
planes out of the plane of the sheet during the 
later stages of rolling cannot be accounted for by 
twinning on this plane since such twinning would 
result in an increase in thickness of the metal. 
Unfortunately, as pointed out by Smigelskas and 
Barrett, the mechanisms of deformation cannot be 
determined from the deformation textures. 
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Migration of Carbon in Steel Under the Influence of Direct Current 


by P. Dayal and L. S. Darken 


HE migration of carbon in austenite under the 
influence of an electric current has been ob- 
served qualitatively several times.* Lebedev and 
Guterman’® recently have reported quantitative 
measurements; their method consisted of welding a 
low-carbon to a high-carbon wire, passing current, 
and later estimating the carbon distribution. metal- 
lographically. We believe the method reported in 
this paper is superior in principle since electrolytic 
migration and ordinary diffusion are not necessarily 
coupled as in the weld method; also for the first 
time the extent of migration is determined by com- 
bustion analysis for carbon. 
A uniform tubular specimen (S.A.E, 1045 or 1095) 
was mounted as illustrated in the figures, the whole 
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assembly being in an atmosphere of purified nitro- 
gen. Direct current (129 to 226 amp at 0.65 to 1.0 v) 
served as source both of heat and of potential 
gradient for carbon migration. The duration of ex- 
periment was 7.5 to 12 hr, during which time the 
temperature was controlled (10°C) manually. The 
experimental conditions are indicated in the first 
five columns of table I. 

With this experimental arrangement, the tem- 
perature initially has a maximum value at the 
central plane. Also, in this vicinity (by virtue of 
the symmetry), the carbon entering any volume 
element is equal in quantity to that leaving; the 
loss or accumulation of carbon occurs near the 
electrodes since the carbon moves uniformly near 


the center and is “frozen” at the cold ends. Hence, 
providing the time of experiment is not sufficiently 
long to seriously influence the conditions at the 
central plane, carbon crosses this plane only under 
the influence of the electrical potential gradient and 
not under the influence of temperature or concentra- 
tion gradient. The amount of carbon which has 
crossed this plane was determined by combustion 
analysis of the two halves of the specimen. The re- 
sults of these analyses are shown in the sixth and 
seventh columns of table I. It will be noted that 
substantial amounts of carbon migrated from the 
anode portion to the cathode portion (except at 
920°C, which temperature was too low to exhibit 
the effect in the allotted time). In spite of precau- 
tions taken, considerable decarburization occurred 
as may be seen by comparing cols. 8 and 5. 

In three cases (indicated by asterisks in table I) 
the specimen was ground on one side, polished, and 
examined metallographically before analysis. One 
specimen was normalized and re-examined. Micro- 
graphs of selected areas in specimens 4 and 6 are 
shown in figs. 1 and 2, respectively. Evidence of 
carbon migration from the anode toward the 
cathode is quite apparent. Fig. 2 shows abundant 
graphite as well as cementite in a region near the 
cathode. The temperature of this zone is estimated 
at about 800°C. In fig. 1, particularly in the micro- 
graph on the extreme right (the right side of which 
is of unaltered carbon content), there is evidence of 
slight depletion of carbon in the immediate vicinity 
of the cathode as contrasted to the general increase 
in carbon of the cathode half of the specimen. Al- 
though this may be attributed in part to decarbur- 
ization, it is believed that it is occasioned also by 
thermal diffusion—migration (of carbon) from a 
cool to a hot zone*—a phenomenon superimposed 
upon the electrical migration. ; 

Evidence of carbon migration was visible particu- 
larly during the course of the high-temperature, 
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high-carbon experiment. Initially the glowing 
specimen: appeared as expected—bright red in the 
center tapering off gradually through dull red to 
“black” about 4 mm from the copper electrode. ~ 
After several hours’ passage of current, a bright red 
ring developed at or near the zone where graphitiza- 
tion occurred, as shown in fig. 2. This phenomenon 
occurred only in high-carbon specimens. and is be- 
lieved to be occasioned by the increased resistivity 
-in the high-carbon region. 

The mobility, B, (mean velocity of carbon ion 
under unit potential gradient) is given in col. 9 of 
table I. This was computed as the ratio of one 
hundred times the mass of carbon transported across 


J\ cation 


ASA ea 


” 


Fig. 1—Micrographs of indicated portions of specimen 4, after normalizing. Picral etch. X100. 


the central plane to the product of the duration of 
the experiment times the percent carbon at the 
central plane times the density times the cross- 
sectional area times the potential gradient; the po- 
tential gradient was calculated from the current, 
dimensions, and resistivity. 

The mobility of carbon also may be represented® 
by the relation 


kT 


where D is the diffusivity, « is the electronic charge, 
k is Boltzmann’s constant, T is the absolute tem- 
perature, and v is the number of fundamental 


Table I. Mobility, Charge, and Transport Number of Carbon in Austenite 


Carbon, Pct 


Mobility of Carbon, B, 
em? sec-1 volt-1 


Duration 
Steel of Mean é 
Speci- | Central | Experi- Cur- Final Charge on 
men Temp, ment, rent, : Calculated Carbon Ion 
No. °C Hr Amp Initial : ; 4De in Trans- 
(Uniform) | Anode | Cathode Ob- = Austenite port 
Half Half Mean served kT (Valence) No. of C 
> ~ 920 a 129 0.46 0.43 0.43 0.43 
2 1277 ae 168 0.46 0.36 0.43 0.395 2.0x10-5 8.6x10-5 +0.9 2.5x10-6 
3 1,226 9.5 160 0.46 0.24 0.45 0.345 5.8 6.0 3.9 5.7 
4*+ 1,175 10.0 204 0.46 0.22 0.35 0.28 2.7 4.1 2.6 2.4 
5 1,226 9.0. 185 1.11 0.54 1.16 0.86 5.6 8.2 PAY 14.2 
6* 1,175 9.0 226 PUL 0.55 1.19 0.86 4.9 5.7 3.5 12.7 
7 1,124 12.0 alyAl 1.11 0.51 1.24 0.89 5.0 4.1 4.9 13.0 


a TOL Le ES) pa nd asssl aan 


* Examined metallographically before analysis. : 
+ Normalized (1600°F) for metallographic examination. 


ase 
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Fig. 2—Micrographs of indicated portions of specimen 6. 
Abundant graphite (large black regions) and cementite near cathode. Alkaline sodium picrate etch. X100. 


charges carried by the carbon ion (‘valence’). Tak- 
ing D from the data of Mehl and Wells’ and using 
the observed value of B, it is seen that » may be 
calculated from this expression. Values of v, so de- 
termined, are listed in the next to the last column of 
table I. Discarding the anomalous value found for 
specimen No. 2, the average of the charge is found 
as +3.5 (standard deviation is 0.4); the average of 
the values for the steel of higher carbon content, 
where the spread is less and hence the reliability is 
presumably greater, is +3.7. 

The approximation involved in estimating the 
mean carbon content at the central plane probably 
tends toward a high value since the curve repre- 
senting carbon content vs. time is probably con- 
“cave upward. Further, the assumption that de- 
carburization was equal in the two halves is not 
exact; decarburization was probably more severe in 
the higher carbon half. These further corrections 
would raise the calculated value of »v slightly. 
Hence, if one wished to postulate a priori that the 
charge on the carbon ion had the classical value of 
four, nothing in the present experiments would 
contradict this. Pauling® also assigns carbon a 
metallic valence of four. In col. 10, values of B 


calculated from the above equation and the value 
of 4 for v are tabulated. 

The transport number is defined as the fraction 
of the total current carried by carbon. This is tabu- 
lated in the last column of table I. At a given 
temperature the transport number is expected to be 
proportional to the carbon content;® it is seen that 
this expectation is realized, at least roughly, the 
transport number and the carbon content each in- 
creasing about threefold. 
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- resolved shear stress. 


A Study of the Plastic Behavior of High-Purity Aluminum 
Single Crystals at Various Temperatures 


by F. D. Rosi and C. H. Mathewson 


___ The plastic properties of extended aluminum (99.996) single crystals were inves- 
tigated in the temperature range 77° to 353°K. Both the critical resolved shear stress 
and coefficient of shear hardening were found to increase with a decrease in tem- 
perature, and were consistent with the Schmid law of critical shear stress governing 
the initiation of the slip process. Measurements were also made on the density of 
slip bands, which was found to increase with decreasing temperature in a manner 
similar to the shear hardening coefficient. Some observations were made on the 
appearance of slip bands on etched and unetched electrolytically polished surfaces, 
and on the general complexity of the slip process. 


HE plastic properties of face-centered cubic 

metals below room temperature present a field 
of investigation which has not been extensively ex- 
plored. The work by Schmid and Boas’ has 
demonstrated the importance of temperature upon 
such properties as strain hardening and critical 
The work by Yamaguchi’? 
upon the shear stress as related to the number of 
slip bands accentuates the necessity for further 
experiments of a similar nature. The approach to 
a mechanical equation of state from the standpoint 
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of thermal fluctuations and activation energies by 


Becker*® and more recently by Kauzmann* further 
emphasizes the need for a quantitative and more 


- comprehensive analysis of the dependence of funda- 


mental plastic properties on temperature. 

The purpose of the present work was to investi- 
gate specifically: (1) The gross shape of the stress- 
strain curves at several temperatures, (2) the 
change in the critical shear stress as a function of 
temperature, and (3) the number and appearance 


of slip bands as a function of strain and temperature. 


Preparation of Specimens 
Single-crystal specimens of 99.996+ pct alumi- 


num, % in. in diam and 5 to 6 in. in length, were 


made by the Bridgman method of gradual solidifi- 


—eation from the liquid state.’ The crystallographic 


AN 


orientation of the single crystals was determined 
from back-reflection, Laue X-ray photograms ac- 
cording to the method described by Greninger.’ In 
most specimens the Laue photograms showed 


double diffraction spots indicative of the lineage 


$a 

ea 
% 
ES 


structure type of imperfection, discussed in great 
detail by Buerger.’ The angular spread of these 


spots was never observed to exceed 2°. Most of the 
crystals were radiographed to insure against 
microporosity. 

In preparing the metal surface for optical micro- 
scopy, the following sequence of operations gave 
good results: The as-cast crystals were turned down 
in a lathe, 0.001 in. per cut, to obtain a 2.5 in. gauge 
length. The cold-worked layer resulting from this 
operation was removed chemically by etching with 
Tucker’s reagent. Then the specimen was polished 
mechanically through 2/0 metallographic emery 
paper, after which it was etched again to remove 
the cold-worked layer resulting from the mechani- 
cal treatment. A 48-hr anneal at 580°C +10°C 
followed so as to insure an essentially stress-free 
single crystal. After the annealing treatment, the 
specimen was electrolytically polished in a 2:1 
solution of methyl alcohol and concentrated nitric 
acid. With a current density of 10 amp per sq dm 
(decimeter) the time required to obtain a satis- 
factory surface varied from 10 to 12 min. The polish- 
ing was carried out for short periods of 2 min to 
avoid rapid deterioration of the solution as well as 
to enable the rotation of the specimen 180° for 
uniformity of polish. It was necessary to place the 
solution in a bath of dry ice in view of its explo- 
sive nature at room temperature. Etching of the 
electrolytically polished surface was accomplished 
by using the fuming etch-pit method recommended 
by Lacombe and _ Beaujard® for high-purity 
aluminum. 

Method for Tensile Testing 

A modification of the loading equipment devised 
by Miller’ was used. In this apparatus, the specimen 
was suspended from a chain and gimbal arrange- 
ment (for axial loading) in a heavy steel framework 
connected at the bottom to a balanced 6:1 lever and 
bucket system. Loading of the specimen was ac- 
complished by allowing sand to flow from a reservoir 
into the bucket suspended from the longer end of 
the lever-arm at a rate of approximately 3 lb per 
min. ; 

Strain measurements were made using the Bald- 
win SR-4, bonded, resistance-wire, strain gauge and 
an SR-4 portable strain indicator (type K), which 
permits a reading accuracy of 2 microinches per 
inch. For low-temperature study, the gauge was 
calibrated by measuring the elastic modulus of an 
annealed stainless steel rod, which is known to be 
independent of temperature.” 
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The apparatus used for the low-temperature ex- 
periments consisted of a stove pipe, 4 in. in di- 
ameter, surrounded by another pipe which was 8 
in. in diam. The inner pipe was supported by 
means of four legs which were soldered to a 3-in. 
steel ring at its bottom and to a stainless steel plate 
which was, in turn, soldered to the outside pipe. A 
highly flexible brass bellows, at each end of which 
was soldered a brass slug containing a % in. con- 
centric bore, was used to permit extension of the 
specimen. Surrounding the bellows arrangement 
was a stainless steel tube which extended from the 
bottom of the inner pipe to the plate. The bottom 
brass plug of the bellows was soldered to the stain- 
less steel plate, thereby eliminating any source of 
leakage. The space between the two pipes was filled 
with Santocel powder which is a reasonably good 
thermal insulator. A wooden ring was inserted be- 
tween the pipes for purposes of rigidity and insula- 
tion. 

Fig. 1—Original 
orientations of 
the single crystals 
studied in tension 
at the different 

temperatures. 


[100] 


fii] [119] 


The furnace used for the elevated temperature 
experiments (80°C) is that described by Miller.’ 
Temperature control was obtained by using a 
powerstat which was connected directly across a 
110 ac source. Temperature readings were obtained 
with a mercury thermometer inserted through a 
diagonal port that permitted contact with the speci- 
men. In order to prevent burning of the strain 
gauge paper, a mixture of hydrogen and nitrogen 
gas was introduced in the heating chamber through 
a second diagonal port, which was well below the 
level of the specimen. 


Presentation of Data 


The loading characteristics of the single-crystal 
specimens are presented as curves of stress (g per 
mm’) vs. strain (mm per mm). The formulas used 
in the evaluation of shear stress and shear strain, 
as in deriving the coefficient of shear hardening, 
are conventionally given by Schmid and Boas’ in 
terms of the original orientation and the change in 
length of the crystal. For calculating the critical 
resolved shear stress the standard equation was 
used. 

The data on slip bands are presented as the num- 


Table I. Critical Shear Stress Data for Room 
Temperature Tests 


Critical 


Shearing 
Speci- Stress, 
men Diam, y) x Sin y g per 
No. In Deg. Deg Cos \ mm2 
A 0.4388 43 44.5 0.4388 104.4 
E 0.4313 33 43.5 0.3920 104.2 
H 0.4458 37 38 0.4760 103.0. 
Tr 0.4080 44 46.5 0.4782 103.6 


Table Il. Critical Shear Stress Data for Dry Ice Tests 


Critical 


Shearing 
Speci- 3 Stress, 
men Diam, x, N Sin y g per 
No. In. Deg. Deg. Cos i mm2 
I 0.4143 43.5 45 0.4860 124.1 
M 0.4413 32 34.5 0.4367 122.1 
x 0.4227 48 43.5 0.4853 126.2 


ber of bands per unit length along the normal to 
the slip plane (No. per mm). The formula used for 
this calculation is given by Yamaguchi.’ 

The original orientations of the single crystals 
studied in tension at the different temperatures are 
stereographically presented in fig. 1. 


Experimental Results, Shear Stress Determinations 


The values of the critical shear stress were ob- 
tained from stress-strain curves by noting the value 
at which plastic flow set in at a constant rate. The 
yield stress was taken as the extrapolated point 
which represents the intersection of the elastic 
range with the straight portion of the stress-strain 
curve, which occurs almost immediately after plastic 
flow begins, as shown in fig. 2. 

Table I contains the data pertinent to the evalua- 
tion of the critical resolved shear stress for four 
crystals tested at room temperature. The average 
value of the critical shear stress is 104.5 g per 
mm’, with a variation between the two extreme 
values of approximately 2 pct. This is a verification 
of the independence of critical shear stress from 
orientation (law of resolved shear stress), since the 
distribution of orientation of the crystals (see fig. 1) 
covers the triangle satisfactorily. 

Comparison of the present critical shear stress 


STRESS, gms,/mm.2 


oS 
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Fig. 2—Stress-strain diagram of crystal A at room 
temperature. 
The value of stress at Q is used for obtaining the critical 
shear stress. 

value with those of Dehlinger™ and Miller and 
Milligan” show good agreement, considering the 
high-purity aluminum (99.99+) used in the present 
investigation. The Dehlinger values for aluminum 
of 99.5 and 99.8 pct purity are 319 g per mm? and 
210 g per mm’, respectively. His extrapolated 
value for 99.99 pct purity is approximately 95 g per 
mm’. Miller’s determination shows a value of 
critical shear stress of 138 g per mm? for a 
gradually solidified aluminum single crystal of 99.90 
pet purity under conditions of very slow loading. 

The critical shear stress results of the dry ice 
(205°K + 3°K) and liquid nitrogen tests (77.35°K) 
are recorded in tables II and III. Crystal 1 was 
tested at a temperature of 93°K + 10°K, at a time 
when the supply of liquid nitrogen had run out. 
Temperatures were read directly with a pentane 
thermometer. 
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Quantitative data on the critical resolved shear 


| Table IV. Critical Shear Stress for Tests at 353°K 
stress of aluminum single crystals below room tem- 


(80°C) 
perature are very incomplete. Boas and Schmid" 
experimented with aluminum crystals at 88°K but Pei eisen 
did not state definite values of critical shear stress. Speci- “Stress, ; 
They did observe however, that extensive slip was scsaeel cay Deg Deg mae at 
' : : 5 os 2 

produced by a resolved shear stress of 800 g per Re 
mm’, which i 

eee h is almost double the average value 5 0.4562 38.5 44 0.4478 95.0 
(421.3 g per mm’) obtained in the present investi- $ oapee a fe i a gi 
ation: Y 0.4381 43.5 43 0.5035 93.3 


The critical shear stress data for tests at 353°K 


+ 3°K are presented in table IV. The average value 
is 91.8 g per mm’, which compares favorably with 
that obtained by Miller and Milligan,” who reported 
values of 55 and 115 g per mm’ for 99.5 and 99.90 
pct purity aluminum at 373°K. 

A summary of the critical shear stress data com- 
piled in the present investigation at the four tem- 
peratures is given in fig. 3. As in most investiga- 
tions of the properties of single crystals, these data 


Fig. 3—Effect 
of temperature 
on the critical 
shear stress. 
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TEMPERATURE °K 

demonstrate that the critical shear stress necessary 
to initiate slip increased with decreasing tempera- 
ture. They indicate a rather small, but linear in- 
crease in the critical shear stress in the temperature 
range 353° — 205°K with an extremely sharp up- 
turn in the curve from 205° > 77.35°K. This is in 
direct contrast with the curves for the hexagonal 
metals, cadmium and zinc,“ which show-:no marked 
increase in critical shear stress with decreasing 
temperature. On the other hand, a somewhat simi- 
lar behavior was obtained for bismuth” and mag- 

-nesium” crystals. 

. Stress-Strain Diagrams 

The room temperature curve of single crystals H, 
fig. 4, demonstrates a rather sharp advent of plastic 
flow and a measurable increase in the resistance to 
glide, even for the small amounts of strain involved. 
‘In all cases the linear rate of strain hardening sets 
in almost immediately after the small anelastic 
portion of the curve. Generally speaking, after re- 
moval of the load, a small amount of hysteresis was 


Table IIL. Critical Shear Stress for Data for Liquid 
Nitrogen Tests 


Critical 


Shearing 
Speci- : Stress, 
men Diam, y, oN Sin y g§ per 
No. In. Deg. Deg Cos \ mm2 
9 0.4636 37 37 0.4894 415.1 
20 0.4595 44 46 0.4826 427.5 
1. (95°K)} 0.4243 40 ‘ 40 0.4924 240.5 


observed, which may be attributed to an anelastic 
effect. A slight increase in the rate of strain harden- 
ing was observed after about 0.4 pct elongation in 
the stress-strain curves of the crystals extended at 
room temperature. This is probably the end of the 
so-called “yield-point elongation” zone observed 
and defined by Miller and Milligan.” 

From the data pertinent to the dynamic behavior 
of the single crystals tested at the four tempera- 
tures, the elastic modulus did not appear to vary 
with a change in orientation, which may be at- 
tributed to the isotropic character of aluminum. The 
coefficient of shear hardening, which is defined as 
the slope of the shear stress-shear curves, also did 
not appear to vary with the orientation of the 
crystal. The constancy of this coefficient with ori- 
entation is simply a confirmation of an extension of 
the critical shear stress law to include plastic flow. 
At room temperature the average value for the co- 
efficient of shear hardening is 11,750 g per mm’ 
after approximately 0.3 pct extension, while that 
for the so-called “‘yield-point elongation zone” is 
7750 g per mm’, At the other temperatures this 
unique zone was not observed. 

Typical stress-strain diagrams for specimens 
tested at the various temperatures are shown in fig. 
5. As at room temperature, the strain hardening at 
the three temperatures is linear after the advent of 
plastic flow. In the case of specimen 5 tested at 
353°K (80°C), in the anelastic portion of the stress- 
strain curve, plastic deformation proceeded in sev- 
eral periodic steps of the order 2 x 10° in. per in. 
Between these steps the flow apparently ceased, and 
the steady application of load produced an elastic 
deformation of 5 x 10° in. per in. This step-wise 
character was observed very recently in polycrys- 
talline aluminum at room temperature and at a 


04 


Fig. 4—Stress-strain diagram of crystal H tested at 
295°K (22°C). Extensions 1, 2, 3, and 4. 


slow, constant loading rate by McReynolds,” who 
gave 5 x 10“ in. per in. as the order of magnitude 
for the steps. This stepped character was found by 
McReynolds and earlier by Sutoki* to increase with 
an increase in the temperature of testing. 

Specimen A, which previously had been pre- 
strained approximately 0.22 pct at 273°K, was then 
reloaded at 205°K. It was found that the stress 
necessary for plastic flow at 205°K after the 0.22 
pet extension was less than that which would be 
expected had the crystal been extended this amount 
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of strain at 205°K, as shown by the dotted line in 
fig. 6. Furthermore, the increase of stress with 
strain at 205°K after the prestrain at 273°K was the 
same as that obtained by a specimen initially ex- 
tended at 205°K. These observations substantiate 
the contention of Dorn et al.” that the strain alone is 
not a measure of the strain-hardened state. How- 
ever, they do suggest that for small amounts of ex- 
tension the stress necessary for plastic flow is a 
measure of the strain-hardened state. 

The dependence of the coefficient of shear harden- 
ing on temperature is illustrated in fig. 7, with each 
point representing the mean value of 2 to 4 crystals. 
The amount of shear hardening decreases markedly 
as the temperature is raised. This same general 
dependence has been observed by Boas and Schmid 
in aluminum” and cadmium crystals,” and by other 
investigators in magnesium” and zinc.” Fig. 8 shows 
that the modulus of elasticity also decreases with an 
increase in temperature. The resolved shear stress- 
shear curves of fig. 9 summarize the effect of tem- 
perature on the gross shape of these curves. 


Measurement of Slip Bands 


Since the slip bands in aluminum single crystals 
show a reasonable regularity of spacing, measure- 
ment of these bands with some degree of accuracy 


800 
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Fig. 5—Stress-strain diagram of crystal 20 at 70°K 
(—196°C). 


Fig. 6—Effect of prestraining at 295°K (22°C) on the 
stress-strain diagram of crystal A at 205°K (—68°C). 
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was considered possible for small amounts of ex- 
tension, using a microscope with the vertical type 
of illumination at a magnification of 600. 

The density of slip markings was obtained by 
counting the number of bands appearing per unit 
_ length along a line on the surface joining the major 
axes of the glide ellipses. In this manner the num- 
ber of slip bands per unit length along the normal 
to the slip plane may be obtained directly. The 
measurement was carried out over a length of 32 
mm, 16 mm to the left and right of a reference 
mark at approximately the center of the gauge 
length. A mean value per unit length was taken, 


Fig. 7—Effect 
of temperature 
on coefficient 
of shear 
hardening. 
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which represented an average of the two 16-mm 


readings. Measurements were made after exten- 
sions of approximately 0.2 pct up to about 2 pct, 
as shown in the reloading curves of fig. 4. 

The relation between the number of slip bands 
per unit length normal to the slip plane and the 
strain is shown in fig. 10 for four crystals of dif- 
ferent orientation extended at room temperature. 
It may be seen that the points do not lie on a straight 
line, which is contrary to the results of Yamaguchi.* 
Instead, a group of curves is obtained, which show 
a series of plateaus. These results are in general 
agreement with the recent work of Crussard” on 
aluminum single crystals of the same purity. He 
obtained curves which were parabolic during the 
early stages of deformation, and then became linear 
with increasing extension. It is also apparent from 
the curves that the orientation of the crystals has 
a marked effect on the density of visible slip bands 
for a given amount of strain. 

To see if the resolved shear stress relationship 
could be extended to apply to the increase in the 
number of slip bands with stress, the density of 
slip bands was plotted against the resolved shear 
stress, fig. 11, in an attempt to bring the curves of 
crystals E, H and T of fig. 10 together. Furthermore, 
this relation would also indicate whether the 
plateaus were due to a recovery effect. It may be 
seen from fig. 11 that the curves have been drawn 
together somewhat, and that the straight line por- 
tions of each curve have approximately the same 
slope. Moreover, the parabolic character of the 
curves has been minimized particularly in the region 
of higher stress, indicating that some recovery 
occurs even at such small amounts of plastic flow. 

It appears significant that the first plateau appears 
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Fig. 8—Effect of temperature on the elastic modulus, 
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Fig. 9—Shear hardening at different temperatures. 


in-all crystals at approximately the same values of 
shear stress and strain (strain shown in previous 
diagram) regardless of the number of slip bands. 
This region of stress and strain corresponds approxi- 
mately to the end of the Miller “yieldpoint elonga- 
tion zone,” and to an increase in the amount of 
strain hardening. At the higher extension where 
the strain hardening begins to decrease, it can be 
seen from the curves of crystals H and T in fig. 11, 
that the density of slip bands increases markedly. 
This is reasonable since in these regions slip is 
continuing for the most part on those bands already 
formed, with the result that the width of the bands 
grows-so as to make previous submicroscopic* slip 


* By submicroscopic slip is meant any slip which is beyond re- 
solving power of microscope at X600. 


visible, and'on this basis strain hardening is pri- 
marily associated with submicroscopic slip. The 
mean value of the spacing between resolvable slip 
bands for an extension of 0.25 pct varies from 
2.31 x 10° to 2.81x10° mm, which is of the order 
of magnitude of a lineage structure. This suggests 
that slip bands, corresponding to the first plateau, 
are nucleated in regions of crystalline imperfections 
arising from irregularities in the growth process. 
Similarly the other plateaus may correspond to 


favorable conditions arising from other imperfec-_ 


tions of structure. The three curves of fig. 11 inter- 


sect the abscissa at approximately the same point, 
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slip bands in early stages of plastic flow. 
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which is the value of the critical shear stress for 
these crystals. 

Measurements of the density of slip bands were 
made on several of the crystals extended at dry ice 
and at 353°K (80°C), and these were compared 
with those previously made on single crystals of 
similar orientation studied at room temperature. The 
number of slip bands per millimeter for approxi- 
mately 0.25 pct extension increases almost linearly 
with a decrease in the temperature from 353°K 
(80°C) to 205°K (—68°C), as shown in fig. 12. No 
value was obtained at the liquid nitrogen tests, 
since the slip bands were scarcely visible and were 
difficult to resolve at such small extensions. The 
extrapolated value for this temperature, assuming a 
linear relation, is 172 bands per mm, which gives 
a spacing between bands of approximately 6 x 10° 
mm. This is within the resolving power of the 
microscope, which was calculated to be 5.5 x 10+ 
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Fig. 11—Effect of increasing shear stress on density 
of slip bands in early stages of plastic flow. 


mm from wavelength of illumination and the nu- 
merical aperture of the objective used for these 
measurements. However, slip bands may be recog- 
nized only after the differences in level between 
the bands have reached a value approximately one 
tenth of the resolving power of the microscope. 
Therefore, for a 0.25 pct extension the mean value 
of strain within each band in liquid nitrogen would 
be of the order of 1.3 x 10° mm, which is below 
the limit of the microscope. 


Nature and Appearance of Slip Bands 

It is known that the oxide film which forms very 
rapidly on electrolytically polished aluminum in 
contact with air has a disturbing effect on the ap- 
pearance of slip bands, making them wavy rather 
than straight. Since it is believed that the magnitude 
of this effect depends to a great extent upon the 
electrolytic polish used, and perhaps unintentional 
variations in the technique of polishing, the charac- 
ter of slip bands was examined on both etched and 
unetched electrolytically polished surfaces. There 
was little, if any, difference in their general ap- 
pearance. Furthermore, the values of critical shear 
stress on both etched and unetched specimens did 
not vary appreciably. 
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Figs. 13 and 14, taken from an unetched speci- 
men, show the increase in the number of slip bands 
with increasing strain. This increase in the num- 
ber of glide bands as deformation is continued is 
characteristic of aluminum, having been observed 
by Yamaguchi’ and more recently by Crussard.” It 
appears that the spacing of these markings is much 
more regular than would correspond to statistical 
disorder. 

It was the general rule that at the early stage 
of deformation the slip bands often appeared not 
as lines traversing the whole of the crystal, but 
as segments whose ends seemed to vanish in their 
path through the crystal. The appearance of this 
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Fig. 12—Effect of temperature on density of slip 
bands for 0.25 pct extension. 


microscopic slip in its early stages is shown in fig. 15. 
At the temperature of dry ice, this early stage 
character of slip bands is even more pronounced, 
while at the elevated temperature the bands are 
thicker and run completely through the specimen. 

In all specimens certain adjacent slip bands were 
observed to terminate opposite one another. This 
phenomenon is shown in the micrographs of figs. 13 
and 14. Andrade and Roscoe™ observed this same 
behavior in single crystals of lead, and in no case 
were the bands found to overlap by more than the 
distance of separation between them, which led 
those investigators to conclude that the bands are 
really paths of dislocations propagated somewhat 
in the Taylor manner. In the present investigation 
the extent of this overlapping was found in some 
cases to agree with the observations of Andrade and 
Roscoe; but in other cases, fig. 13, the bands pass one 
another by an amount much greater than the dis- 
tance between them. It is believed that the degree 
of overlapping depends to a great extent upon the 
magnitude of slip which has occurred in the indi- 
vidual bands. 

The appearance of “cross-slip,” which is step-like 
in its character, was found in all specimens tested 
at room temperature but not at the temperature of 
dry ice or at 353°K (80°C). At the low temperature, 
it is possible that with further extension cross-slip 
might have been observed, in view of the undevel- 
oped character of the bands at the earlier stages of 
deformation. Fig. 16 shows cross-slip at X1000. It 
can be seen that this phenomenon occurs in a step- 
like fashion in such a manner that slip occurs al- 
ternately on the cross-slip plane and the primary 
octahedral plane. From the symmetry of the etch- 
pit it can be further seen that the cross-slip plane 


must be one of two possible octahedral planes whose 
trace makes a 90° angle with that of the primary 


plane. 


Changes in the Mechanism of Deformation 


At the commencement of the plastic deformation 
in aluminum single crystals, slip occurs first in that 
octahedral {111} plane and dodecahedral <110> 
direction where the shear stress is at a maximum, 
at the same time producing a rotation of the crystal 
with respect to the fixed direction of the tensile 
force. With the necessity for lattice accommodation 
during slip, which may produce rotations of various 
types, it is possible to have stress conditions modi- 
fied so that momentarily, in certain regions, the 
shear stress may be a maximum on a different set 
of planes. The probability of this becomes even 
greater when the orientation of the crystal is criti- 
cal; that is, when the specimen axis is, at most, 2° 
from a leg of the spherical triangle. In this case 
slip may be expected to occur sparingly on other 
sets of slip planes in addition to the primary slip 
plane. : 

As may be seen in fig. 2, specimen T has a critical 
orientation, being only 1° from a boundary line. In 
this crystal three slip systems were observed, as 
shown in fig. 17, which was taken along the line 
joining the major axis of the primary glide ellipses. 
Fig. 18 shows the presence of a second slip system 
in crystal G, which was found to be slip on the 
conjugate plane. Stereographic analysis of back- 
reflection Laue photograms describing the region 
where slip was observed shows that four operative 
slip planes are indicated in the plastic deformation 
of these crystals. These are: (1) the primary 
plane, (2) the cross-slip plane, (3) the conjugate 
plane, and (4) a “critical” plane, since this type of 
slip seems possible only in crystals which have a 
particular critical orientation, such as T. The analo- 
gous critical orientation of specimen G would indi- 
cate extra slip on plane I, the primary plane, but in 
another direction not distinguishable in these ex- 
periments. Figs. 19a and b are standard projections 
indicating the different slip planes observed in the 
micrographs of figs. 17 and 18, respectively. Of 
these systems, the first three have been observed by 
Maddin, Mathewson and Hibbard” in a-brass crys- 
tals well within the range of orientation conven- 
tionally requiring slip on a single (primary) plane. 


Discussion of Results, Critical Shear Stress 


The law associating a critical resolved shear stress 
with slip was confirmed at the four temperatures of 
testing. This uniformity of behavior seems to indi- 
cate that the method used in producing and pre- 
paring specimens for tensile testing resulted in 
single crystals which were, within the sensitivity 
of the tests, uniform in structure. Further, it has 
been shown that the critical shear stress necessary 
to cause glide to set in at a given rate in the active 
slip system increases with decreasing temperature 
in the manner shown in fig. 3. The extremely sharp 
upturn in this curve from 205°K to 77°K indicates 
a form of function 


Gira ere [1] 
o = critical shear stress 
A = stress constant 
Q = activation energy 
R = gas constant, and 
T = absolute temperature. 
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Fig. 13 (top left)—Showing slip bands on unetched 
surface after 0.25 pct extension. Crystal G. X800. 


Fig. 14 (bottom left)—Showing slip bands on un- 
etched surface after 0.75 pct extension. Crystal G. 
X800. 


Fig. 15 (top center)—Showing slip bands at early 
stages of deformation (0.21 pct). Crystal T. X800. 


Fig. 16 (bottom center)—Showing segmented slip 
occurring alternately on cross-slip plane and pri- 


mary octahedral plane in step-like fashion as indi- 
cated by symmetry of etch pit. Crystal T. X1000. 


Fig. 17 (top right)—Micrograph taken at position 

of major axis of glide ellipses showing slip on three 

planes—primary, cross-slip, and “critical.” Crystal 
T. X800. 


Fig. 18 (bottom right)—Showing presence of a 
second slip system in crystal G, found to slip on 
conjugate plane. X800. 


All illustrations reduced in area approximately two thirds for reproduction. 


In this formula, the expression e°/”” provides a 
measure of the proportion of atoms in the lattice 
(probably associated with imperfections) involved 
in the physical change of plastic flow. To apply this 


formula to the curve of fig. 3, it is convenient to- 


express it in a logarithmic form, that is 
logo = log A + Q/RT 


Fig. 20 shows a plot of the logarithm of the critical 
shear stress against the reciprocal of the absolute 
~ temperature from which it may be seen that the 
points fall on a straight line, with the exception 
‘of the one which represents the test at 95°K. It 
will be remembered that-in this test insufficient 
liquid nitrogen was available, with the result that 
marked temperature fluctuations may have oc- 


Fig. 19a and b—Standard projections indicating slip 
planes observed in figs. 17 and 18. 


I—Primary slip plane. I—Cross-slip plane. IWI—“Critical” 
plane. IV—Conjugate plane. 


curred. The values of the activation energy Q and 
the constant A are calculated to be 300 cal per 
g-atom and 61 g per mm’, respectively. In this 
connection the work of Zener and Hollomon” on the 
yield point of steel is significant. They found that 
the shear stress varies at only about the one-hun- 
dredth power of the strain rate and the heat of 
activation, which describes the dependence upon 
temperature, is of the order of magnitude of only 
100 cal per g-atom. It is interesting to mention 
here that if a log o vs. 1/T plot were made from the 
data on magnesium,” an activation energy of 200 
cal per g-atom and a stress constant of 60 g per mm’* 
are obtained. 


Strain Hardening 


With increasing strain hardening during plastic 
flow, new active glide planes continually appear be- 
tween the old, which suggests that slip has ceased 
in the lamellae on which it began. This was also ob- 
served by Yamaguchi’ with aluminum crystals, who 
further found that the spacing between slip bands 
varied inversely with the stress. In the present ex- 
periments a linear relation between density of slip 
bands and shear stress was not obtained in the early 
stages of plastic deformation. Instead, small plateaus 
are found which tend to disappear at higher exten- 
sions. In all cases the first plateau (or parabola) was 
related rather closely to the end of the Miller “yield- 
point elongation zone” (approximately 0.4 pct ex- 


TRANSACTIONS AIME, VOL. 188, SEPTEMBER 1950, JOURNAL OF METALS—1165 


4 


8 


fo 
fe) 


CRITICAL SHEAR STRESS, gms./mm2 log scole. 
& 8 


° 0.002 0.004 0006 0.008 0.010 ool2 0.014 
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tension). It is possible that both the plateaus and 
the increase in number of slip bands with stress are 
due to different orders of energy associated with the 
lineage imperfection. 

Temperature is found to affect the rate of strain 
hardening to a considerable extent, and it may be 
seen from fig. 7 that the amount of hardening de- 
creases as the temperature is raised. This observa- 
tion is made by all investigators of the properties 
of single crystals at low temperatures, and evidently 
is a fundamental behavior of metals. 

The straight line in fig. 21 indicates that a para- 
bolic relation exists between the coefficient of shear 
hardening and the temperature according to the 
formula, 


@-@.p] a 


where t = change in resolved shear stress (c) 
for given change in shear strain (a), 


(=) __ coefficient of shear hardening at 
a/ temperature T, 


ee coefficient of shear hardening at 0° 
enc) HADSOLILE 

C = constant 

T = absolute temperature. 
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Fig. 21—Effect of temperature on the coefficient of 


shear hardening, * vs. T”. 
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From fig. 21, the value of ez and the constant 
T=0 


C are found to be 61 kg per mm’ and 0.0476 
deg-%, respectively; and the temperature for zero 
shear hardening is 440°K. Thus, from the above 
formula it appears that the apparent shear harden- 
ing at some finite temperature T may be regarded as 
equal to the difference between the “athermal” 
shear hardening, which may be observed directly at 
0° absolute, and a shear softening, which is a result 
of a thermal recovery process occurring during the 
deformation process at finite temperatures. Interest- 
ingly enough, the temperature for zero shear hard- 
ening falls within the equi-cohesive temperature 
range reported by Crussard” for Al (99.995 pct). 

In connection with the dependence of shear hard- 
ening on temperature, fig. 22 shows that the density 
of slip bands at 0.25 pct extension is also found to 
decrease in a parabolic manner with an increase in 
temperature according to the formula, 


Nee (N) v=o | ee | [3] 
where N = number of slip bands per millimeter 
at temperature T 
(N)r-. = number of slip bands per millimeter 
at 0° absolute 
C, = constant 
T = absolute temperature. 


From fig. 22, the values of (N)7r-. and C, are found 
to be 362 bands per mm and 0.0491 deg”, re- 
spectively. Significantly this constant has the same 
dimension and is very nearly equal to that appear- 
ing in eq 2. Thus the temperature (405°K) at which 
theoretically slip would occur in a very small num- 
ber of bands corresponds closely to that for zero 
shear hardening. 

The marked similarity in the dependence of shear 
hardening and density of slip bands on temperature 
indicates that a high shear hardening coefficient at 
low temperatures is associated with a more wide- 
spread distribution of the deformation by slip. Thus, 
for a given amount of extension the total amount of 
shear in each slip band at the low temperature must 
be less than in those at the higher temperatures. 
This suggests that there is a maximum amount of 
shear possible within each slip band which is de- 


-pendent on temperature and which controls the dis- 


tribution of slip. Furthermore, it is possible that 
above 420°K a large portion of the deformation may 
occur by a mechanism different from what might be 
conventionally referred to as slip. 


Summary and Conclusions 


Determinations of critical resolved shear stress 
and coefficient of shear hardening were made at four 
temperatures in the range 77° to 353°K. Both prop- 
erties were found to increase with a decrease in 
temperature and were consistent with the Schmid 
law of critical shear stress governing the initiation 
of the slip process. The density of slip bands also 
was found to increase with decreasing temperature 
in a manner similar to the shear hardening co- 
efficient. This indicates that the high rate of shear 
hardening at low temperatures is associated with a 
more widespread distribution of deformation by slip. 
With an increase in the extent of distribution, the 
total amount of shear in each slip band must be less 
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than in those formed at the higher temperatures for 
a given amount of extension. This suggests a maxi- 
mum amount of shear within the slip band which 
is dependent on temperature. 

Measurements of slip bands after small extensions 
(0.2 pct) at room temperature showed that an in- 
crease in strain hardening was accompanied by the 
appearance of new glide planes between the ones 
first observed. Plots of the density of slip bands 
against strain or shear stress gave curves showing 
small-plateaus or parabolas, which are attributed to 
different orders of imperfection structures of the 
lineage type. In all cases, the first plateau was asso- 
ciated with the end of the Miller “yield-point 
elongation zone.” 

Microscopic observations on the appearance of 
slip bands disclosed that, at the early stages of 
plastic flow, slip manifests itself as segmented lines, 
the ends of which disappear in their paths through 
the crystal. This characteristic of slip was more pro- 
nounced at the lower temperatures. 

Experiments on etched and unetched specimens, 
electrolytically polished with a solution of nitric 
acid and methyl alcohol, showed that the resulting 


_oxide film did not have a disturbing effect on the 


critical shear stress, nor on the character and dis- 
tribution of slip bands. Several slip systems were 
observed in the plastic deformation of these crystals, 
and their very existence suggests that the slip pro- 


_ cess is microscopically complex. 


An analysis was given of the influence of tem- 


_ perature upon the critical resolved shear stress, the 


coefficient of shear hardening and the density of 
slip bands. The critical shear stress was found to 
decrease exponentially with an increase in tempera- 


2 ture, which indicated a value of activation energy 


for plastic flow equal to 300 cal per g-atom, while 
the coefficient of shear hardening and the density of 
slip bands were found to decrease parabolically with 
increasing temperature. 
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Equilibrium in the Reaction of Carbon Dioxide 
with Liquid Copper from 1090° to 1300°C 


by D. J. Girardi and C. A. Siebert 


A study has been made of the equilibrium in the reaction 
of carbon dioxide with liquid copper. The equation for the 
reaction may be written as follows: 


2 Cu (liq) + CO2 (g) = Cug O + CO (g) 


The equilibrium constant for this reaction was determined 


from 1090° to 1300° C. 


RACTICALLY every metallurgical process in- 

volves, at some stage or another, the contact of 
a metal with a gas. Because of this, gas-metal re- 
actions are of great practical importance and have 
been subjected to numerous investigations. 

It has long been recognized that the presence of 
cuprous oxide in liquid copper has an important 
effect on its casting characteristics and physical 
properties. This has led to the desirability of de- 
termining the quantitative relationships between 
cuprous oxide in the liquid copper and the usual 


gases present during processing. Such data are not | 


only of practical importance but also of a theoreti- 
cal interest in that they provide-a means of apply- 
ing the principles of physical chemistry to prob- 
lems in applied metallurgy. 

The object of this investigation was to determine 
the quantitative relationship at equilibrium be- 
tween the gases carbon monoxide and carbon di- 
oxide and the cuprous oxide content of liquid cop- 
per. The reaction and its equilibrium constant may 
be expressed as follows: 


2 Cu (liq) + CO: (g) = Cu.0 + CO (g) [1] 


Acuso X Aco 


A ee ee ee 
@ou X Acos 


Here the underlined symbol Cu.O designates 
cuprous oxide dissolved in liquid copper and (a), 
the activity of the various constituents. The activi- 
ties of carbon monoxide and carbon dioxide are 
assumed to be directly proportional to their re- 
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spective partial pressures and the activities of 
cuprous oxide and copper are taken to be propor- 
tional to their respective mol fractions. The equilib- 
rium constant may then be expressed as follows: 


Neuso X Peco 


Ke 
= [Necu]* X Peo, 


[2] 


where N = mol fraction 


The solubility of carbon monoxide and carbon 
dioxide in liquid copper is a rather controversial 
subject.** A review of the literature is given by 
O. W. Ellis.» It appears that carbon monoxide and 
carbon dioxide are both only very slightly, if at all, 
soluble in liquid copper. 

Volskii and Slobodskoi’ determined the equilib- 
rium between carbon monoxide, carbon dioxide, 
and liquid copper at 1100°C. Their results show a 
higher cuprous oxide content for a given CO/CO, 
ratio than found in the present work. The system 
hydrogen, water vapor, and liquid copper was in- 
vestigated by Allen and Hewitt® over the tempera- 
ture range of 1090° to 1350°C. Equilibrium values 
for the system carbon monoxide, carbon dioxide, 
and liquid copper calculated from these data agree 
reasonably well with the present work. 


Materials and Procedure 


The copper used was oxygen free, designated as 
OF and analyzed as 99.98 pct copper with no ap- 
preciable amount of any one impurity based upon 
spectrographic determinations. The carbon dioxide 
was cylinder gas averaging about 99.95 pct CO, with 
air as the major impurity. The carbon monoxide 
was produced by passing carbon dioxide over 
heated charcoal. Alundum combustion boats were 
used as containers for the liquid copper. No appre- 
ciable reaction took place between the copper and 
the alumina. This was evident from the fact that 
the copper sample after a run did not ordinarily 
adhere to the bottom of the boat and that the 
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Fig. 1—Diagram of apparatus. 


5. Alundum boat. 
6. Thermocouple. 
7. Gas analysis. 
8. Exhaust. 


- Flowmeter. 

- Refractory tube. 

. Furnace. 

. Refractory packing. 


He 09 0 et 


alumina showed no indication of appreciable at- 
tack, only slight discoloration. 

The general experimental procedure involved 
passing, at a given temperature, a constant mixture 


of carbon monoxide and carbon dioxide over the 


liquid copper until equilibrium was established. A 
schematic diagram of the apparatus is shown in fig. 
1. Carbon dioxide gas from two tanks was passed 
as separate streams through suitable drying trains. 
One of the carbon dioxide streams then was taken 
through a flow meter and to the reaction furnace. 
The other stream of carbon dioxide was passed 
through a charcoal furnace, a mechanical separator 
to remove entrained dust, a drying train, a flow 
meter and then, forming a common stream with the 
gas from the other tank, to the reaction furnace. 
The rate of gas flow through the charcoal furnace 
and its temperature could be readily adjusted to 
give the desired carbon monoxide content in the 
final gas mixture. The entrance end of the reac- 


Gas Composition, % CO 
209 % ‘vorlsodwog so 


5 
Cu20 % 


Fig. 2—Effect of gas composition on cuprous oxide 
content of copper at various temperatures. 


tion furnace tube was packed with refractory mate- 
rial to preheat the gases. Temperature was meas- 
ured with a platinum—platinum-rhodium thermo- 
couple positioned over the center of the alundum 
boat and was controlled in general within +2°C 
during a run. A special bulbed gas burrette’ was 


connected to the exit gas stream permitting gas 
analysis to be run at will. The system was main- 
tained under slight positive pressure. 

In making a run, 30 g of copper suitably cleaned 
was placed in an alundum boat which was inserted 
into the cool end of the furnace tube. Gas flow of 
the desired analysis was started and allowed to 
flush out the system while the reaction furnace was 
being brought to the desired temperature. The 
sample was then pushed into the furnace. Tempera- 
ture and gas analysis were checked continually 
throughout the run but were recorded only at defi- 
nite intervals. After the desired time at tempera- 
ture had elapsed, the sample was moved to the air- 
cooled section of the furnace tube, where it rapidly 


- solidified. The sample was allowed to remain in 


contact with the furnace gases until it reached a 


Ln Ke 


61 63 65 67 69 Tl Ge 15 
\/t x 104 


Fig. 3—Effect of temperature on equilibrium constant 
gras Nou.o X Pco 
Sar [Neu]? X Peco. 


convenient handling temperature and then was 
quenched into water. A typical run is shown in 
table I. 

The oxygen contents of the copper samples were 
determined by absorbing and weighing the H,O 
formed in the standard hydrogen reduction method.** 
The analytical results were further checked by de- 
termining the decrease in weight of the copper 
samples. The results obtained by the above two 
methods checked within a =+0.001 pct oxygen 
(+0.009 pct Cu.O). 


Experimental Results 


Series of runs were made at 1120° and 1240°C to 
establish the time necessary to attain equilibrium. 
At 1120°C the equilibrium was approached from 
both the low and the high oxygen sides, while at 
1240°C equilibrium was attained from the low oxy- 
gen side alone. These data are given in tables II, 


Table I—Data Obtained during a Typical Run 


Run 21 Time Temp, °C CO, Pct COs, Pct | CuO, Pct 
In 8:15 1,181 
9:15 1,180 1.07 98.93 
10:00 1,180 1.02 98.98 
Out 10:45 1,179 1.06 98.94 


Avg. 1.05 | Avg. 98.95} 0.210 


oc Se es eS ee et 


‘Table II—Time Necessary to Attain Equilibrium from 


Low Oxygen Side at 1120°C 


R Time at - 
No. Temp CO, Pet COz, Pct | Cuz0, Pct Ke 
20 min 1 98.80 0.056 3.0 x 10-8 
3 40 min 1.35 98.65 0.071 4.3x ie 
3 ihr 1.20 98.80 0.103 5.6 x 10- 
4 2 br 1.1 98.84 0.101 5.3 x 10-6 


Table I1]—Time Necessary to Attain Equilibrium from 
High Oxygen Side at 1120°C 


Run Time at 


No. Temp CO, Pct CO2, Pct | Cuz0, Pct Ke 
0 1.10 98.90 0.340 
6 30 min 1.10 98.90 0.147 7.3 x 10-6 
tf 1hr 1.23 98.77 0.115 6.4 x 10-8 
8 2 hr 1.07 98.93 0.104 5.0 x 10-6 
9 4hr 1.30 98.70 0.109 6.4 x 10-6 


Table IV—Time Necessary to Attain Equilibrium from 
Low Oxygen Side at 1240°C 


Run Time at 

No. Temp CO, Pct COz, Pct | Cu20, Pct Ke 

26 1hr 86 99.14 0.357 13.8 x 10-8 
27 1%, hr 0.65 99.35 0.472 13.8 x 10-6 
28 2% hr 0.72 99.28 0.424 13.7 x 10-6 
29 4hr 71 99.29 0.513 16.4 x 10-8 
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Table V—Summarized Equilibrium Data from 1090° 


to 1300°C 
Run Temp, co co Cu:0, 
No Pet Pet Pet Ko In Ko 

10 1,090 1.53 | 98.47 | 0.040 2.8 x 10-8 — 12.79 
11 1,090 1.57 | 98.43 | 0.097 6.9 x 10-6 — 11.88 
12 1,090 1.58 | 98.42 | 0.056 4.0 x 10-8 — 12.43 
13 1,090 1.59 | 98.41 0.067 4.8 x 10-6 — 12.25 
Avg. — 12.34 
3 1,120 1.20 | 98.80 | 0.103 5.6 x 10-6 — 12.09 
4 1,120 1.16 | 98.84 | 0.101 5.3 x 10-6 — 12.15 

5 1,120 | 19.4 80.60 | 0.009 9.7 x 10-6 
7 1,120 1234) (9877785 0.015 6.4 x 10-6 — 11.96 
8 1,120 1.07 | 98.93 | 0.104 5.0 x 10-6 — 12.21 
9 1,120 1.30 | 98.70 | 0.109 6.4 x 10-6 — 11.96 
Avg. — 12.07 
14 1,150 0.83 | 99.17 | 0.184 6.9 x 10-6 — 11.88 
15 1,150 1.05 | 98.95 | 0.150 7.1 x 10-6 — 11.86 
16 1,150 0.95. | 99.05 | 0.178 7.6 x 10-8 — 11.79 
17 1,150 1.01 | 98:99 | 0.190 8.6 x 10-6 — 11.66 
Avg. — 11.80 
18 1,180 1.32 | 98.68 | 0.158 9.4 x 10-8 — 11.58 
19 1,180 1.16 | 98.84 | 0.174 9.1 x 10-6 —— 11.6) 
20 1,180 1.14 | 98.86 | 0.204 | 10.5 x 10-6 Sales 
21 1,180 1.05 | 98.95 | 0.210 9.9 x 10-6 — 11.52 
Avg. — 11.54 
22 1,210 1.44 | 98.56 | 0.190 | 12.4 x 10-6 — 11.30 
23 1,210 1.25 | 98.75 | 0.197 |11.1x 10-6 — 11.41 
24 1,210 1.12 | 98.88 | 0.222 | 11.2 x 10-6 — 11.40 
25 1,210 1.08 | 98.92 | 0.247 |12.0x 10-6 — 11.33 
Avg. — 11.36 
26 1,240 .86 | 99.14 | 0.357 | 13.8 x 10-6 —11.19 
27 1,240 0.65 | 99.35 0.472 | 13.8 x 10-6 — 11.19 
28 1,240 0.72 | 99.28 | 0.424 |13.7x 10-8 — 11.20 
29 1,240 0.71 | 99.29 | 0.513 | 16.4 x 10-6 = 11.02 
Avg. ~ 11.15 
30 1,270 4.22 | 95.78 | 0.105 | 20.6 x 10-6 — 10.79 
31 1,270 2.32 | 97.68 | 0.211 | 22.3 x 10-8 — 10:71 
32 1,270 1.72 | 98.28 | 0.250 | 19.5 x 10-6 — 10.85 
33 1,270 34 | 98.66 | 0.322 |19.5 x 10-6 — 10.85 
Avg. — 10.80 
34 1,300 1.22 | 98.78 | 0.403 | 22.2 x 10-8 LO. 72 
35 1,300 2.50 | 97.50 | 0.276 | 31.6 x 10-8 — 10.36 
36 1,300 3.16 | 96.84 | 0.223 | 32.4 x 10-6 —=10.34 
37 1,300 4 95.22 | 0.139 | 31.1 x 10-8 — 10.38 
Avg. — 10.45 


III, and IV. The values of the equilibrium constant 
at 1120°C indicate that equilibrium was reached 
with equal ease from either the low or high oxygen 
sides in approximately 1 hr. At 1240°C, with final 
Cu.O contents over four times greater than those at 
1120°C, equilibrium was attained in less than 1 hr. 
Based on the above results, the time at tempera- 
ture for the remainder of the runs was set at 2% 
hr for temperatures below 1240°C and at 1% hr at 
1240°C and above. 

The equilibrium constant was determined in the 
temperature range from 1090° to 1300°C at 30°C in- 
tervals. A summary of these data is shown in table 
V. The nature of the reaction in most of this tem- 
perature range is such as to impose experimental 
limitations on the opportunity of varying the gas 
compositions of the runs. The carbon monoxide 
content of the gas phase and the resulting oxygen 
content of the copper had to be held in such a range 
as to minimize the effect of experimental error in 
their determinations. Relatively low carbon mon- 
oxide contents in the gas phase, although yielding 


- Table VI—Comparison of Results for In K, 


In Ke 
This Allen Volskii 
Investi- and and 
Temp, °C gation Hewitt* Slobodskoi 
1,100 — 12.25 — 10.68 — 6.22 
1,150 — 11.80 — 10.25 
1,250 — 11.00 — 9.50 


* Calculated values. 


desirably high oxygen values in the copper, would 
appreciably effect the degree of error in determining 
the gas composition. Similarly relatively high 
carbon monoxide contents in the gas phase would 
result in oxygen values too low for reasonable ac- 
curacy as indicated in run 5. At the higher tempera- 
tures the gas composition was varied over the ap- 
proximate range of 1 to 5 pct carbon monoxide. 
The cuprous oxide content of liquid copper for vari- 
ous gas compositions and at several temperatures 
was calculated from the equilibrium constants and 
is shown in fig. 2. 

The average values for In K, at each temperature 
are plotted against the reciprocal of the absolute 
temperature in fig. 3. The data give a reasonably 
straight line from which the value of AH for reac- 
tion 1 is found to be 34,800 cal per g mol of cuprous 
oxide. 

Comparison of Results 


The value of AF,° for reaction 1 may be computed 
from the data of Allen and Hewitt’ as follows: 


2 Cu (liq) +H.O (g) = Cu.O + H, (g) IN ASS 


[3] 
H.O (g) = % O. (g)+ H: (g) aoe 
Co, (g) = CO (g) +% O, (g) my 
5 


Then Eas = AF,° — AF,° a AF;,° 


The values of AF,° and AF;° were computed from 
the free energy equations for these reactions.” The 
values of In K, obtained in this investigation are 
compared with those calculated from Allen and 
Hewitt’s data in table VI. The value of In K, at 
1100°C computed from the data of Volskii and 
Slobodskoi is also shown. There is no apparent ex- 
planation for the discrepancy between the value at 
1100°C obtained in this investigation and that ob- 
tained by Volskii and Slobodskoi. On the other 
hand, the values obtained in this investigation agree 
reasonably well with those calculated from the data 
of Allen and Hewitt. 


Summary 


1. The equilibrium for the reaction 2 Cu (liq) 
+ CO, (g) = Cu.O + CO (g) has been determined 
over the temperature range of 1090° to 1300°C. 

2. The heat of reaction over this temperature 
range was found to be 34,800 cal per g mol of 
cuprous oxide. 
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The Effect of Sodium Contamination on 
Magnesium-Lithium Base Alloys 


by P. D. Frost, J. H. Jackson, A. C. Loonam, and C. H. Lorig 


HIS paper describes (1) the effect of sodium on 

the tensile ductility of magnesium-lithium base 
alloys, and (2) the precautions necessary to avoid 
sodium contamination. 


Effect of Sodium on Properties 


The harmful effect of sodium in magnesium- 
lithium base alloys has been recognized by other in- 
vestigators.”* However, quantitative data on its 

1J. H. Jackson, P. D. Frost, A. C. Loonam, L. W. Eastwood, and 
C. H. Lorig: Magnesium-Lithium Base Alloys—Preparation, Fabri- 
cation, and General Characteristics. Trans. AIME 185, 149-168 
Jni. Met. (Feb. 1949) TP 25345. 

2W. Hume-Rothery, G. V. Raynor, and E. Butchers: Equilibrium 
Relations and Some Properties of Magnesium-Lithium and Mag- 
nesium-Lithium-Silver Alloys. Jnl. Inst. Metals. (1945) 71, 589-601. 
effect have not hitherto been published. 

“The effect of sodium on the ductility of an 87 pct 
Mg-9 pct Li-4 pct Zn alloy is shown in fig. 1. The 
sodium was introduced by adding sodium chloride 
to the flux, which consisted of 50 pct LiCl-50 pct 
KCl. Moderately high ductility was obtained at an 
indicated sodium content of about 0.05 pct. Actu- 
ally, the value probably was less than 0.05 pct, be- 
cause analyses of the lithium, which were more 
accurate than those of the alloy, indicated that the 
highest ductility was obtained when its sodium 
content was 0.02 pct or less. In fact, in alloys hav- 
ing somewhat greater strength than this particular 
composition, the sodium content of the lithium must 


_ be under 0.01 pct to avoid embrittlement. 


The effect of sodium on the ductility of several 
alloys having fairly low strength levels is shown in 
fig. 2. These alloys were melted with a flux contain- 
ing 75 pet LiCl-25 pct LiF, to which various quan- 


tities of sodium chloride had been added. Sodium 


had no significant effect in pure magnesium but 


markedly decreased the ductility of the magnesium- 


lithium-zine alloy, even though the alloy contained 
only 3 pct Li. As the lithium content of the binary 
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alloys was increased, the ductility of the sodium- 
free alloys also increased. However, the effect of 
sodium on ductility became progressively more 
pronounced. 

Sodium raised the minimum hot-rolling tempera- 
tures, particularly those of the high-strength alloys, 
but its effect, in this respect, was less critical than its 
effect on tensile ductility. For optimum cold roll- 
ability, a low-sodium content was required. No 
deleterious effect of sodium on the stability of 
properties at slightly elevated temperatures was 
found. 

Control of Sodium in the Alloys 


Optimum ductility is obtained in the magnesium- 
lithium base alloys when sodium-free materials are 
used. Commercial lithium was formerly the chief 
source of contamination. Now purified lithium is 
usually available. When lithium of ordinary purity 
is used, the effects of sodium can be minimized by 
using a flux consisting of 75 pct LiCl-25 pct LiF. 
Bubbling nitrogen through the melt also helps re- 
move sodium. 

The damaging influence of sodium on the ductility 
of the magnesium-lithium base alloys was observed 
very early in the alloy development program. The 
discovery came about as a result of chemical anal- 
yses made on the lithium used in the alloys. Ductile 
alloys had been made from lithium containing about 
0.2 pct Na, whereas the lithium used in the brittle 
alloys contained about 0.9 pct Na. 

The first magnesium-lithium alloys were melted 
under commercial fluxes ordinarily used in melting 
magnesium alloys. These fluxes were unsuited for 
scavenging the contaminating sodium, and the re- 
sulting alloys were not ductile. Next, a flux con- 
taining 50 pet KC1-50 pct LiCl was tried. This was 
somewhat more effective but still was not satisfac- 
tory. After a number of different experimental 
fluxes had been investigated, one containing 75 pct 
LiCl1-25 pet LiF was adopted. This flux made it 
possible to obtain good ductility in the alloys. The 


Table I. Effect of Melting Flux on Mechanical Prop- 
erties of an 87 pct Mg-9 pct Li-4 pct Zn Alloy* 


Elonga- ses Yield Tensile 
Flux tion, Agen Strength, Strength, 
Pet Pct. psi psi 

Commercial 3.5 8.0 25,100 29,300 
50 pet KCl and 

50 pet LiCl 8.5 15.0 25,800 30,200 
75 pet LiCl and 

25 pet LiF 33.5 62.3 26,900 31,500 


* Commercial-purity melting materials were used. The sodium 
content of the lithium was 0.9 pct. Test data were averaged from 
5 heats for each flux. 


TRANSACTIONS AIME, VOL. 188, SEPTEMBER 1950, JOURNAL OF METALS—1171 


ELONGATION AND REDUCTION OF AREA-% 


*| REDUCTION OF AREA 


P= — 


Oo .ol 02 © 04 05 O06 O7 8 OF W WE 2 WB 4 15 16 AT 3 59 20 
SPECTROGRAPHIG SODIUM ANALYSIS OF ALLOY- % 


Fig. 1—Effect of sodium content on ductility of 
an 87 pet Mg-9 pet Li-4 pet Zn alloy. 


effects of the three types of fluxes on the tensile 
properties of an alloy containing 87 pct Mg-9 pct Li- 
4 pct Zn are shown in table I. To obtain maximum 
ductility it was necessary to use the LiCl-LiF flux 
in quantities weighing at least 35 pct of the metallic 
charge. 

Other methods of reducing the sodium content of 
the 87 pct Mg-9 pct Li-4 pct Zn alloy were also 
found. The effect of one of these methods, bubbling 
nitrogen gas through the melt, is shown in fig. 3. In 
this experiment, three heats of this alloy were pre- 
pared from lithium which showed, respectively, low, 
intermediate, and high sodium analyses. The heats 
were melted with the 50 pct LiCl-50 pct KCl flux. 
Nitrogen was bubbled through the melt for a pre- 
determined length of time and part of the heat 
poured off. Then the bubbling was resumed and the 
process repeated. The ductility of the extruded al- 
loy depended upon the lithium used and the dura- 
tion of the nitrogen treatment. Thus, nitrogen, 
bubbled through the melts for 5 min, had a beneficial 
effect on the ductility of the two least ductile alloys 
but no significant effect on the low-sodium alloy. 
When nitrogen was bubbled through the melts for 
20 min, the less ductile alloys were improved suffi- 
ciently to compare favorably with the most ductile 
alloy. Detailed tests showed that a minimum bub- 
bling period of about 20 min was required for opti- 
mum ductility, but that a 30-min period afforded 
no significant advantage. Other gases, such as argon 
or chlorine, were of some benefit but were not so 
effective as nitrogen. 

Also of interest in fig. 3 is the effect of holding a 
graphite rod in a heat of the 87 pct Mg-9 pct Li- 
4 pet Zn alloy. The mechanism by which the 
graphite rod improved the ductility of the alloy was 
not investigated. It would appear that sodium was 
absorbed by the graphite. 
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Fig. 2—Effect of sodium content on ductility of 
various alloys. 


Of the devices described above for controlling the 
sodium content in the magnesium-lithium base al- 
loys, the most convenient and most effective was the 
use of the 75 pet LiCl-25 pct LiF flux. However, 
as higher strength alloys, which were more sensi- 
tive to sodium contamination, were developed, this 
flux was no longer adequate for reducing the sodium 
content to the value where the ductility of the 
alloys was no longer impaired. It became necessary 
to purify further the commercial lithium before 
using it in alloys. This was accomplished by dis- 
tilling the sodium from the lithium at temperatures 
around 1200°F and pressures of 0.03 mm of mercury. 
By this method, the sodium content of the lithium 
was reduced to 0.01 pet or under. 

When alloys were prepared from lithium of this 
low-sodium content, the purity of the lithium chlor- 
ide-lithium fluoride flux was an important factor. 
In some instances, it was better to eliminate the flux 
and to substitute an argon atmosphere instead to 
secure maximum ductility. Melting by this method 
is, of course, less convenient than melting in an open 
crucible with flux. Furthermore, it is more difficult 
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Fig. 3—Effect on ductility of bubbling nitrogen 
gas through or holding graphite rod in 87 pct 
Mg-9 pet Li-4 pet Zn alloy. 


a. Low-sodium alloy. 
b. Intermediate sodium alloy. 
ce. High-sodium alloy. 


to produce ingots free from dross inclusions when 
flux is not used. For these reasons, the majority of 
the alloys were melted with flux and considerable 
care was taken that only low-sodium materials 
were used. 

Summary 


Magnesium-lithium base alloys are embrittled by 
very small amounts of sodium. Purification of 
lithium and selection of fluxes to minimize sodium 
contamination are required for high-quality alloys. 

When purified lithium is not available, reduction 
of the sodium content of the alloys can be accom- 
plished by the use of a suitable flux or by bubbling 
nitrogen through the melt. Holding a graphite rod 
in the melt is also effective. 

The best quality alloys are produced by using 
purified lithium and low-sodium flux ingredients. 
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The Structure of Intermediate Phases in Alloys 
of Titanium with lron, Cobalt, and Nickel 


by Pol Duwez and Jack L. Taylor 


The crystal structure of the intermediate phases in the binary systems 
of titanium with iron, cobalt, and nickel has been studied and the results 
compared with those previously published. The phases of the Ti.X type 
are face-centered cubic with 96 atoms per cell, and the TiX phases are 
body-centered cubic. TiFe. and TiCo. are hexagonal but not isomorphous. 

The nickel-rich phase has the composition TiNis and is hexagonal. 


ARTIAL phase diagrams of titanium with iron, 

cobalt, and nickel have been established by pre- 
vious investigators.** These diagrams seem to be 
reliable, at least for concentrations of titanium 
ranging from 0 to about 50 at. pct. More recently, 
Long and his collaborators have presented a tenta- 
tive titanium-nickel diagram covering the titanium- 
rich side. These various studies indicate that in 
each system three intermediate phases exist and 
correspond to the compositions Ti,X, TiX, and Tix, 
(or TiX,). The purpose of this paper is to review 
_ the available information on the crystal structure 
of these phases and to give the results of additional 
_ X-ray diffraction studies. 


Previous Work 


A summary of the work of Wallbaum and his col- 
_laborators*” is presented in table I. The first inter- 
mediate phase on the titanium-rich side of the 
three systems, with iron, cobalt, and nickel, is of 
the Ti,.X type and has a face-centered cubic struc- 
ture. Although it is stated that the unit cell contains 
96 atoms,® no lattice parameters are given. The 
second phase is centered around the compositions 
TiX for the three systems. The crystal structure of 
this phase is mentioned in a short note’ as being 
body-centered cubic (CsCl type), but no parameters 
_ are given. 


The analogy between the three systems, which is- 


perfect as far as the two phases of the type Ti.X 
and TiX are concerned, disappears at the titanium- 
poor end of the diagrams. In the system titanium- 


iron, TiFe, has an hexagonal (MgZn, type) struc- 
ture with the parameters given in table I. The 
existence of TiFe, has also been reported® (table I) 
but was questioned by other investigators’ and is 
also refuted by the present study. 

In the system titanium-cobalt, a phase corre- 
sponding to the composition TiCo, has been investi- 
gated by Wallbaum and Witte’ who claim that the 
structure is cubic (MgCu, type) for alloys slightly 
deficient in cobalt and hexagonal (MgNi, type) for 
alloys slightly deficient in titanium. The parameters 
of the two phases are given in table I. In the sys- 
tem titanium-nickel, the nickel-rich phase corre- 
sponds to the composition TiNi, and has been de- 
scribed as hexagonal’ with the parameters given in 
table I. 

The present investigation was initiated for the 
purpose of filling in the gaps in the knowledge con- 
cerning the structure of the various phases sum- 
marized in table I. Since the titanium used by 
Wallbaum and his collaborators was only 95 pct 
pure, it was found desirable to redetermine the 
lattice parameters of the alloys prepared with a 
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Table I. Crystal Structure Data for Ti (Fe, Co, Ni) Compounds 


Com- F A 
pound Previous Publications This Investigation 
TisFe FCC. 96 atoms per cell, FCC. a = 11.305. 96 atoms per cell 
TisCo no parameters (ref. 5) FCC. a = 11.283. 96 atoms per cell 
TioNi FCC. a = 11.310. 96 atoms per cell 
i BCC. Ao type (CsCl), BCC. (Aztype). a = 2.969. 2 atoms per cell 
nics no pareiietets (ref. 5) BCC. (Aztype). a = 2.988. 2 atoms per cell 
TiNi BCC. (Aztype). a = 2.980. 2 atoms per cell 
iF’ Hexag. Cu type (MgZnz). Structure confirmed 
ae 12 ators par cell: a = 4.77 a = 4.769. c = 7.745. c/a = 1.624 
(ay fet SUP c/a = 1.633 
(ref. 2) F 
TiFes Tetrag. Doz type (TiAls). No evidence of the existence 
16 atoms percell. a= 5.19. of this phase 
C= 8:15; ofa = 157. 
(ref. 8) 
TiCo2 Hexag. Cas type (MgNiz) . This structure confirmed for both 
(Co rich) 24 atoms percell. a= 4.715. Co rich and Co poor phases. 
C= 15.305 c/a = 1.57. a = 4.720. c = 15.392. c/a = 3.261 
(ref. 6) 
TiCos Cubic Cis type (MgCuz). No evidence for the existence of 
(Co poor) 24 atoms percell. a= 6.691. this structure 
(ref. 6) 
TiNis Hexag. Doo type (TiNis) . Structure confirmed 
16 atoms percell. a= 5.096. a = 5.093. c = 8.276. c/a = 1.625 
ec = 8.304. c/a = 1.630. 
(ref. 7) 


metal of higher purity. Hence, all the alloys, in- 
cluding those for which previous work was ap- 
parently very complete, were reinvestigated. 


X-ray Diffraction Technique 


The metals used in preparing the alloys were re- 
ceived from various sources (table II). Spectro- 
graphic analyses were obtained for the iron, cobalt, 
and nickel powders. The approximate analysis given 
for titanium in table II is typical for the Bureau of 
Mines titanium powder.* 

Most of the alloys were prepared by powder 
metallurgy methods. The metal powders were 
mixed in suitable proportions and then compacted 
in a cylindrical steel die % in. in diam, under a 
pressure of 80,000 psi. The compacts, about % in. 


Table II. Source of Supply and Analysis of 
Raw Materials 


Metal Source of Supply Analysis 

Titanium U.S. Bur. Mines 0.15 pcetFe 0.005 pet Si 
0.30 pctMg 0.1-0.2 pct Oz 
0.036 pct Ca 0.7 pct He 

(taken from ref. 4) 
Iron Carbonyl iron, type L 0.05 pet Si Traces of 
Charles Hardy, Inc. 0.05 pet Mn Cu, Mo, Ti, 

0.05 pct Ca and Cr 
0.01 pct Ni 

Cobalt Charles Hardy, Inc. 0.5 petNi Traces of 
0.1. pet Ca Mg, Mn, Cu, 
0.05 pet Si and Al 
0.05 pct Fe 

Nickel International Nickel Co.| 0.05 pet Ca Traces of 
0.05 pet Si Mn, Co, and 
0.05 pct Fe Cu 


thick, were then sintered at various temperatures 
for various lengths of time (table III). The sinter- 
ing was done in a molybdenum-wound furnace 
placed inside the vacuum bell jar of a glass-coating 
vacuum unit. The pressure maintained during sin- 
tering was 10* mm of Hg or less. 

The alloys rich in titanium (type Ti.X) and those 
poor in titanium (type TiX, or TiX;) were homo- 
geneous after sintering, the criterion for homo- 
geniety being that all the reflections in the X-ray 
diffraction pattern were sharp and checked the 
spacings of the expected single phase. The alloys 


containing equal atomic proportions of titanium 
with iron, cobalt, or nickel (type TiX) were not 
homogeneous after sintering under the conditions 
indicated in table III. When the sintering tempera- 
ture was increased, local melting of the specimens 
took place. This melting probably occurred in re- 
gions of the specimen where the composition cor- 
responded to that of a low melting point eutectic in 
the phase diagram. 

In order to avoid these difficulties, the alloys of 
the TiX type were first sintered at rather low tem- 
perature and then melted in a small thoria crucible 
in an atmosphere of pure helium. The crucible, 
about % in. ID and 1 in. high, was placed inside 
another crucible of tungsten, about 3%4 in. ID and 
1% in. high. The tungsten crucible was heated by 
induction. Melting of the specimens TiFe, TiCo, and 
TiNi occurred in a range of temperature from 1400° 
to 1550°C. As soon as melting was observed, the 
power was shut off in order to minimize the reac- 
tion between the molten alloy and the crucible. 
Only a slight reaction was noticed for TiFe and TiNi, 
but TiCo proved to be very corrosive and several 
melts had to be made before a satisfactory speci- 
men was obtained. 

The X-ray diffraction measurements were carried 
out with a 14.32 cm powder camera, using Ka cobalt 
radiation and also Ka copper radiation for additional 
measurements on the titanium-nickel alloys. The 
film mount in the camera was the asymmetrical 
type; hence the exact diameter of the camera and 
the actual shrinkage of the film were not required 
for computing the interplanar spacings. Since an ~ 
accuracy in lattice parameter measurements greater 
than 1 part in 2000 was not sought, no corrections 
were applied for absorption and eccentricity of the 
specimen. 


Results: Ti,Fe, Ti,Co, and Ti,Ni Phases 


The X-ray diffraction patterns of these three 
phases were readily interpreted on the basis of a 
face-centered cubic lattice. A list of interplanar 
spacings for Ti,Ni is given in table IV. The inter- 
» planar spacings for Ti,.Fe and Ti,Co were practically 
the same as those given in table IV for Ti,Ni and the 
difference could be noticed for only high values of 
(hkl). The lattice parameters of the three phases 
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were computed from these high (hkl) back-reflec- 
tion lines, using the least-square method, and are 
given in table I. The density of the three phases 
Ti.Fe, Ti,Co, and Ti,Ni were 5.49, 5.64, and 5.77 re- 
spectively, from which the number of molecules per 
cell was computed to be approximately 32 (96 
atoms). 

Because of the almost equal size of the iron, co- 
balt, and nickel atoms, it is not surprising that the 
lattice parameters of the three isomorphous phases 
of the Ti,X types are very nearly the same. These 
lattice parameters, however, do not decrease in the 
sequence iron, cobalt, nickel, which would be ex- 
pected on the basis of the atomic diameter of these 
three elements. This case is not unusual. A similar 


Table Ill. Data on Preparation of Alloys 


: Alloy Treatment 
TioFe Sintered 4 hr in vacuum at 1000°C 
TieCo Sintered 4 hr in vacuum at 1000°C 
TioNi Sintered 4 hr in vacuum at 925°C 
TiFe Sintered 4 hr in vacuum at 1000°C; melted in thoria 
crucible in helium atmosphere; then homogenized 
for 24 hr at 1000°C in evacuated fused silicon tube 
TiCo Sintered 4 hr in vacuum at 875°C; then same as 
TiFe 
TiNi Sintered 4 hr in vacuum at 800°C; then same as 
TiFe 
-TiFes Sintered 4 hr in vacuum at 1000°C 
TiCoe Sintered 4 hr in vacuum at 1000°C 
TiNis Sintered 4 hr in vacuum at 925°C 


example is found in the three compounds AlFe, 
AlCo, and AINi, for which the lattice parameters 
decrease in the order iron, nickel, and cobalt. 

The similitude in the unit cells of the three phases 
Ti.Fe, Ti.Co, and Ti,Ni leads to the conclusion that 
these three phases will most probably form an un- 
interrupted series of solid solutions. Consequently, 
iron, cobalt, and nickel probably will replace each 
other in all proportions in a phase of the form 
Ti,(Fe, Co, Ni). It follows that in the ternary di- 
agrams involving titanium with any two of the 
three elements, iron, cobalt, and nickel, the titan- 
ium-rich corner may be considered as a pseudo 
ternary system between titanium and two of the 


three compounds, Ti.Fe, Ti.Co, or Ti,Ni. It is prob- 
able that these three pseudo ternary systems will 
exhibit a great degree of similarity. 


TiFe, TiCo, and TiNi Phases 


The results of X-ray diffraction measurements 
confirmed the fact that these three phases have the 
body-centered CsCl type cubic structure with the 
parameters given in table I. As explained before, it 
was necessary to melt these alloys in order to ob- 
tain a homogeneous phase. In spite of this pre- 
caution, a few extra lines were still present in the 
powder patterns. These lines were very weak, how- 
ever, and were identified as being the strongest lines 
of the Ti.X phase. As a result of the presence of a 
small amount of Ti.X, the TiX phase may have been 
slightly deficient in titanium. Since no attempt was 
made to determine accurately the width of the Tix 
phase, the lattice parameters given in table I may 
vary with composition. 

The possibility of having an ordered structure in 
the three phases of the TiX type was investigated 
by maintaining specimens sealed in evacuated 
quartz tubes for 10 days at 650° and at 800°C. Al- 
though no noticeable reaction was found due to 
contact with silica, the powder used for diffraction 
studies was taken from the center portion of the 
specimens. After each of these treatments, the 
TiCo phase still had the disordered body-centered 
cubic structure. Additional heat treatment of 20 
days at 540°C also failed to induce ordering. The 
TiFe phase behaved quite differently. After the 
800°C treatment the structure was still disordered 
body-centered cubic, but after the 650°C treatment 
the phase had decomposed into a mixture of TiFe, 
and Ti.Fe. A similar phenomenon was observed for 
the TiNi phase, except that the decomposition into 
Ti,Ni and TiNi, took place in the specimens heated 
at both 800° and 650°C. 

From these somewhat cursory experiments it ap- 
pears that the TiCo phase is stable down to at least 
540°C, but both TiFe and TiNi are stable only at 
high temperature. TiFe decomposes during cooling 
into Ti.Fe and TiFe,. This reaction takes place be- 
tween 800° and 650°C. TiNi decomposes into Ti,Ni 


Table IV. Interplanar Spacings of Ti,Ni, TiFe,, TiCo,, TiNi, 


TigNi 
Spacing Spacing 
(hkl) (kx)* (hkl) (kx)* 
111 6.53 Ww - 951-773 1.095 vw 
220- 3.97 vw ~ _ 666 1.087 vw 
222 3.26 W 775 1.019 vw 
400 2.83 VW 955-971, 0.9886 w 
331 2.59 w 882 0.9847 w 
422 2.31 m 866 0.9697 w 
333-511 2.178 10,62 0.9563 vw 
440 2.00 m 12,00-884 0.9423 m 
531 1.91 vw 11,51-777 0.9330 m 
442-600 1.88 w 12,22-10,64 0.9172 m 
622 1.72 w 11,53-975 0.9090 vw 
444 1.63 w 12,40 0.8935 vw 
551-711 1.59 w 10,82 0.8726 vw 
6 1.51 w 13,11-11,55-11,71-993 0.8648 w 
553-731 1.472 w 11,73-13,31-977 0.8456 w 
800 1.413 vw 13,33-955 0.8277 vw 
733 1.382 w 888 0.8162 vw 
660-822 1.334 m 13,51-11,75 0.8095 vw 
555-751 1.305 w 14,20-10,86 0.7997 w 
911-753 1.242 vw 14,22-10,10,2 0.7920 w 
842 1.234 w 12,80 0.7842 w 
931 | 1.185 vw 
933-771-755 | 1.136m 
862 1.109 vw 


TiFe2 TiCoo TiNis 
Spacing Spacing Spacing 
(hkl) (kx)* (hkl) (kx)* (hkl) (kx)* 
100 4.14 vw 100 4.08 vw 100 4.38 vw 
002 3.86 vw 101 3.93 vw 101 3.89 vw 
101 3.65 vw 004 3.85 vw 110 2.55 Vw 
110 2.38 m 102 3.63 vw 200 2.21Ww 
103 2.19s 105 2.41 vw 201 2.13 m 
112 2.03 s 110 2.36 Ww 004 2.07 m 
201 1.99s 106 2.17m 202 1.95s 
004 1.94w 201-114 2.02 s 203 1.72 w 
202 1.82 m 202 1.98 m 122 1.54 vw 
104 1.75 m 107-008 1.93 m 204 1.51 w 
203 1.61 w 203 1.90 w 205 1.327 w 
300 1.375 vw 204 1.80 w 220 1.273 m 
123 1.336 m 108 206 1.171 w 
302 1.296 m 205 1.71 vw 401 1.093 vw 
205 1.240 m 206 224 1.085 m 
124 1.216 w 211 1.53 vw 402 1.066 m 
220 1.191 m 213 1.48 w 207 1.044 w 
312 1.098 w 214 1.42 vw 008 1.036 w 
313 1.048 w 300 1.362 vw 403 1.025 w 
401 1.024 w 10,11-216 1.325 w 404 0.9723 vw 
224 1.016 w 209 1.308 w 226-412 | 0.9375 vw 
402 0.9983 vw 304-00,12 1.280 w 405 0.9182 vw 
14 0.9872 vw 217 1.263 vw 421 0.8288 vw 
306-320 0.9466 w 20,10 eH vw rs ; oe Ls 
0 m 
410 0.9023 vw 22 in aoant einen, 


* The kx unit is defined on the basis of the Siegbahn scale of X-ray wave lengths, s = strong, m = medium, w = weak, vw = very weak. 
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and TiNi, during cooling at a temperature which is 
probably above 800°C. 


TiFe., TiCo., and TiNi, Phases 


The results obtained on TiFe. confirm the hex- 
agonal (MgZn, type) structure proposed by Witte 
and Wallbaum.? The list of interplanar spacings 
with their indexes is given in table IV. The lattice 
parameters (table I) are only slightly lower than 
the previously published values. This decrease in 
lattice parameter may be explained by the difference 
in the purity of the titanium used in each investiga- 
tion (about 95 pct in ref. 1 and 99 pct in the present 
work). 

A study was made of an alloy of the composition 
corresponding to the formula TiFe,, for which a 
tetragonal structure was reported by Jellinghaus.* 
Powder patterns were taken of the specimens after 
sintering and also after annealing for 10 days at 
800° and 650°C. In all cases, the patterns contained 
the lines of TiFe, and those of iron; hence, there is 
no intermediate phase between TiFe, and the iron 
terminal solid solution. These findings confirm 
those of Witte and Wallbaum.* 

The investigation of the structure of TiCo, was of 
particular interest because of the findings of Wall- 
baum and Witte’ who assigned the hexagonal (MgNi., 
type) structure to an alloy containing 32 1/3 at. pct 
titanium and the cubic MgCu, type structure to an 
alloy containing 35 at. pct titanium. They also show 
schematically how the phase boundaries could be 
located in the titanium-cobalt diagram in order to 
explain this rather unusual behavior. The alloys 
prepared in the present investigation contained 37, 
35, 33 1/3, and 32 at. pct titanium. The X-ray dif- 
fraction patterns of these four alloys were identical, 
and a typical set of measured interplanar spacings 
is given in table IV. All the spacings observed in 
this investigation agree quite closely with those 
given by Wallbaum for the hexagonal (MgNi, type) 
structure. In fact, quite a number of extra lines 
were observed and were identified as reflections 
from planes of an MgNi, structure. Hence, the re- 
sults of this investigation failed to confirm the ex- 
istence of a cubic (MgCu., type) structure for alloys 
around the TiCo, composition. 

No obvious reason could be found for this lack of 
agreement with the work of Wallbaum. The possi- 
bility of mistaking a powder pattern of the MgNi, 
type for a MgCu, type, and vice versa, can hardly 
be suggested. It is true that the interplanar spacings 
of cubic TiCo, are very close to some of the spacings 
of hexagonal TiCo..* However, the relative inten- 

* The coincidence between interplanar spacings of hexagonal and 
cubic TiCoz is due to the similitude between the two structures. 
Laves and Witte? have shown that the three typical structures 
MgNiz, MgCue, and MgZne may be regarded as layer lattices ob- 
tained by packing the same layers of atoms in various sequences, 


as follows: ABABAB.....for MgZns, ABACABAC..... for *MgNis, and 
ACBACB......for MgCus. 


sities of the lines are quite different, and the two 
patterns are distinguished easily. 

The influence of impurities also may be suggested 
as an explanation for the existence of a cubic form 
of TiCo,. The titanium powder used by Wallbaum 
and Witte contained approximately 5 pct impurities. 
If a metal like silicon, aluminum, or magnesium 
were the predominant impurity, a new phase be- 
tween titanium, cobalt, and this unknown impurity 
might have been produced. Unless the impurities 
are known, it is of course impossible to clarify the 
question. 


The results of X-ray diffraction studies of TiNi, 
are presented in table IV. All the interplanar spac- 
ings and the relative intensities agree with the 
study of Laves and Wallbaum;’ the structure is 
hexagonal, and the parameters are as given in table 
I. The existence of a phase of TiNi,, instead of 
TiNi,, breaks the otherwise perfect similitude among 
the three systems of titanium with iron, cobalt, and 
nickel. It seems quite certain, however, that TiNi, 
does not exist. Several alloys containing about 66.6 
at. pct nickel were prepared, and, after various heat 
treatments, always yielded a diffraction pattern 
containing the lines of TiNi and TiNi:. 


Conclusions 


The results of this investigation may be sum- 
marized as follows: 

The intermediate phases Ti.Fe, Ti.Co, and Ti,Ni 
are face-centered cubic with 96 atoms per unit cell. 
The lattice parameters of these phases are very 
nearly the same. 

The intermediate phases TiFe, TiCo, and TiNi are 
body-centered cubic (CsCl type) and have approxi- 
mately the same lattice parameters. 

In the titanium-iron system the intermediate 
phase rich in iron is TiFe.. It is an hexagonal struc- 
ture of the MgZn, type. The existence of a phase of 
TiFe, composition has not been confirmed. 

In the titanium-cobalt system, the intermediate 
phase rich in cobalt is TiCo.. It has an hexagonal 
structure of the MgNi, type. The existence of a 
cubic (MgCu, type) modification of the same phase 
previously reported in the literature has not been 
confirmed. 

In the titanium-nickel system, the intermediate 
phase rich in nickel is TiNi,. It has an hexagonal 
structure specific to this alloy. 
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The Development of the Lead Blast Furnace 
At Port Pirie, South Australia 


: by L. A. White 


This paper describes the developments of the lead blast furnace 
at The Broken Hill Associated Smelters Pty., Ltd., from the original 
standard furnace to the present wide shaft type, with two super- 
imposed rows of tuyeres. The metallurgical operations of the blast 

ae furnace section of the Port Pirie Works are also described. 


N this paper it is proposed to follow the develop- 

ments in the design of the lead blast furnace at 
Port Pirie from the time The Broken Hill Associated 
Smelters Pty. assumed control in 1915 to the present 
time, with special reference to the development of 
the system using two superimposed rows of tuyeres 
as is now in operation. 

Lead smelting operations first commenced in 1889, 
when the British Broken Hill Pty. Ltd. started its 
first furnace. This was followed by installing two 
- more furnaces during the same year and another 

the following year. In 1892, Broken Hill Proprietary 
Co. Ltd. acquired the smelting works and combined 
operations with those at Broken Hill, New South 
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Wales; by 1897, the whole of the smelting opera- 
tions had been transferred to Port Pirie and thirteen 
blast furnaces were built to treat the Broken Hill 
ore production. 

In 1915, The Broken Hill Associated Smelters Pty. 
Ltd. took over from the Broken Hill Proprietary and 
have carried out operations since that time. 


From its inception, the present company started 
on a long range program of reconstruction, in which 
the development of the lead blast furnace has played 
a prominent part. 

A definite trend in plant development has been 
towards the simplification of plant control by a 
reduction in the number of operating units. The 
great advantages of technical control which resulted 
from the very simplified flowsheet established in 
the continuous refining process stimulated the de- 
sire to extend the principle to the smelting opera- 
tion. 

Thus in the sequence of furnaces described here, 
it will be noted that the trend has been towards 
larger and, of course, fewer units. With each such 
development it is significant that the operating con- 
ditions and metallurgical results have shown steady 
improvement. 

Standard Furnace 


In 1920 there were seven furnaces operating, five 
of a type subsequently called the standard furnace 
and two of the original thirteen smaller furnaces, 
the latter type being used for the treatment of 
drosses, etc. produced from the refinery section, 
while the standard type carried out the main, lead- 
smelting operations. 

The standard furnace (figs. 1 and 2) had the 
dimensions given in table I. 
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Fig. 1—Standard blast furnace. 


This furnace had a single row of mild steel 
riveted jackets 6 ft high, 22 tuyeres (11 per side) 
with 5-in. openings. The first 9 ft of the shaft above 
the jackets was constructed with firebrick, the re- 
mainder being built of hard red brick which stood 
up better than the firebrick to the abrasive action of 
the charge and the effect of the barring operation 
for accretion removal. 

The furnace was fitted with a thimble type top 
and the gases were drawn off at both ends by steel 
offtake flues leading by downcomers to a main 
brick flue delivering to a baghouse. A system of 


Fig. 2—Standard blast furnace. 


cable-drawn charge cars with bottom discharge 
doors ran over the whole line of furnaces. 

This standard type furnace design remained in 
operation till 1934, minor alterations carried out in 
the meantime were: (1) Mild steel jackets were re- 
placed with cheaper cast-iron jackets. (2) eae 
vertical distance of the tuyeres from the top of the 
crucible was increased from 12 to 24 in., as it had 
been proved that better settling of the lead from the 
slag could be obtained by being able to hold the 
slag inside the furnace for a longer period. (3) 
Installation of water-cooled gas offtake hoods. The 
offtakes prior to this change were made of mild 
steel which, in time, became distorted to such a 
degree through heat that draughting at the top of 
the furnaces was not satisfactory, which in turn 
meant loss of fume and was also a health hazard to 
the operators. 

Other major alterations carried out between 1920 
and 1929 were: (1) The installation of the over- 
head telpher handling system for the delivery of 
charge to the furnaces (fig. 3). (2) The change to 
slag granulation on the furnaces instead of tapping 
molten slag into pots, transporting and tipping at 
the slag storage in this form. (3) Installation of a 
traveling crane at the tapping floor section for hand- 
ling bullion in the molten state instead of moulding 
into bars which it was necessary to manhandle and 
remelt in the refinery section. With the installation 
of this crane, the copper drossing operation was 
transferred to the blast furnace section from the 
refinery. 

In 1934, No. 4 furnace was rebuilt, the dimensions 
being similar to the standard type, but the effective 
smelting shaft was reduced by 5 ft, i.e., from 18 to 
13 ft, following certain American designs at this 
time. The object was to determine the effect of a 


Table I. Standard Furnace Dimensions 


Crucible Length 17ft Oin. 
Width 3ft10in. 

Depth 2ft 3in. 

Furnace shaft at Length 17ft 0 in. 
bottom of jackets Width 3ft10in. 


At top of jackets Length 18 ft 6 in. 
Width 6ft Oin. 
Length 19ft 6in. 


Width 7ft Qin. 


At feed floor 


Depth from top of crucible 


to feed floor 20 ft Qin. 
Depth from center of 
tuyere to feed floor 19 ft Oin. 


shorter shaft on the furnace production rate and 
lead content of the slag. 

The furnace was started in 1935 and operated 
until 1940. In its early stages the furnace was 
slower in speed than the standard type furnaces, and 
the lead content of the slag was higher. 

Alterations were made increasing the furnace 
shaft by 2 ft, and a standard offtake hood was fitted, 
after which this furnace became the fastest smelt- 
ing standard type though the lead content of the 
slag was still the highest. 

It was felt that no particular advantages could be 
claimed for this furnace except that barring opera- 
tions were easier due to the shorter shaft. 


First Modified Furnace 


In 1935, research work was carried out with a 
small experimental blast furnace with multiple rows 
of tuyeres, three sets in all being used stepped out- 
ward from the lower to the higher rows, and from 
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the results obtained the first double row tuyere fur- 
nace came into operation in 1936. 

After considerable work on the height of the 
charge column and the width at the tuyeres the 
following conclusions were reached: (1) There is a 
plastic condition in the furnace shaft which-tends to 
bridge the gap between shaft accretions and pre- 
vent a regular movement of the charge through the 
furnace. (2) The active penetration of the blast at 
the tuyere zone is limited to approximately 24 in. 
(3) The width of the active zone in the wider part 
of the furnace is only 12 in. greater than that at the 
tuyere zone. 

From these points it was deduced that the useful 
width of the furnace appeared to be related to the 


penetration of the blast air at the tuyere zone, and— 


the spread of the blast air on reaching the wider 
part of the furnace. That is, for a furnace having 
a single row of tuyeres, the active shaft width ap- 
pears to be limited to 6 ft. If now an additional row 
of tuyeres on each side of the furnace is installed 


_ above the bosh and assuming a similar degree of 


penetration to be obtained in this zone as in the case 
of the lower tuyeres, it should be possible to ob- 
tain a shaft width of 12 ft. 


From the above observations it was decided to 


- rebuild No. 5 furnace with two rows of tuyeres, but 


having in mind recent furnace developments in 
America the width across the lower tuyeres was in- 
creased to 5 ft. 

The main dimensions were: length, 17 ft; width 
between lower tuyeres, 5 ft; width between upper 
tuyeres, 10 ft; maximum width of shaft, 12 ft; 
vertical distance between upper and lower tuyeres, 
3 ft; distance from feed floor to lower tuyeres, 18 ft; 
height of lower tuyeres above crucible, 24 in. 

The furnace comprised two sets of jackets, the 
bottom row being the unconventional “chair” jacket, 
the second row retaining a slight bosh. Above the 
second row of jackets to the feed floor, the shaft 
was brickwork. 

This furnace was blown-in in October 1936 and 
operated until 1943. It was closed down for several 
weeks to install short water jackets to replace a 
row of tiles above the second tier of jackets which 
tended to burn-out at this location. At the same 
time, tuyeres were installed in the end jackets at 


Table II. Comparison of Furnace Operations, 1939 


Standard Standard 
Type Type 1st 
Furnace Furnace Modi- 
(18 ft- (13 ft fied 
Shaft) Shaft) Furnace 
_ Charge treated per day, tons 267.2 316.03 439.35 
~ Coke on charge, pct” 11.10 10.60 10.63 
Fixed carbon on charge, pct 8.85 8.45 8.47 
Stoppages, hr per day: 
Boring 1.29 0.44 0.41 
Maintenance oz oS Ach 
Total stoppages 6 f by 
Operating efficiency, pct 93.53 97.42 97.08 
Average blast pressure, 
oz per sq. in. 38 33 40 
Average blast volume, cfm 5,800 6,000 7,800 
Lead in slag, pct 2.48 2.61 2.22 
Lead tenor of furnace charge 37.31 37.31 37.36 


SSS Se 
Note: All tonnage figures in this paper are expressed in long 
tons. 


the level of the second row of tuyeres to try to pre- 
vent end accretions forming in the shaft. 

During the first month, tapping of the furnace was 
carried out at both slag ends and lead wells, but it 
was found that tapping at one end could be carried 
out quite successfully even with maximum produc- 
tion. 

The advantages shown on this furnace when com- 
pared to the standard furnace were: (1) Increased 
capacity, approximately 60 pct; (2) less top blow- 
ing; (3) less tendency for the charge to bridge due 
to the wider shaft; (4) variations in the grade of 
sinter had less effect on operating conditions; (5) 
more stable tapping floor conditions; and (6) in- 
creased operating efficiency due to less time lost for 
barring. 

Operating details comparing the various furnaces 
in operation during year ending June 1939, are 
given in table II. 


Second Modified Furnace 


From the experience and information obtained 
from the operation of No. 5 blast furnace, it was 
decided to rebuild No. 1 furnace on similar lines. 

The main design closely followed that of No. 5 
with the addition of several new features: (1) The 
shaft was completely water jacketed except the top 
section which had cast iron plates 30 in. deep. Three 
sets of jackets comprised the shaft. (2) Tuyeres 
were placed in end jackets at the height of the top 
row of tuyeres. (3) The jackets sloped outwards 
from the bosh of the second row of jackets resulting 
in a shaft opening at the top 22x14 ft, shaft width 
at the top row of tuyeres 17x9 ft, and at the bottom 
row of tuyeres 17x4 ft. (4) The tuyere opening in 
the jackets was in the form of a slot, oval in shape, 
providing three tuyere punching holes per slot, the 
aim being to have, as nearly as possible, a continu- 
ous opening for the admittance of air at the tuyere 
sections. 

This furnace was completed and blown-in in July 


O ds 


Fig. 3—High-lift telpher cranes discharging at 
blast furnace charge hoppers. 
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Fig. 4—Fourth modified furnace. 


1938, and is still available for smelting. The per- 
formance of this furnace was generally poor, top 
accretions forming quickly, causing frequent top 
blowing and increased barring for the removal of 
_ these accretions. 

Even with the increased tuyere area openings, the 
speed was slower than its predecessor, No. 5 furnace. 

The trouble experienced with the accretion for- 
mation was felt to be caused by the shape of the 
furnace and the completely water-jacketed shaft. 

The bottom accretion formed at the bosh of the 
second row of jackets and, because of the slope of 
the upper jackets, a ledge was formed causing the 
accretions to build vertically from this point and 
extend to the top of the shaft; thus the effective 
smelting width was reduced to approximately 10 ft 
and accretion removal was difficult under operating 
conditions. 


The furnace was shut down for several weeks and 
the top set of jackets made vertical, thus reducing 
the dimensions at the top of the shaft to 18x10 ft. 
At the same time, instead of maintaining the three- 
tuyere slot opening, as this gave no noticeable ad- 
vantage, a steel plate was inserted between the 
tuyere and the jacket opening with a 2 in. diam 
central hole. 

The furnace operating conditions were generally 
improved, but the speed was still slower than No. 5 
furnace, the main variation now being the dif- 
ference in width at the tuyeres: The width at bot- 
tom row of tuyeres of No. 1 furnace was 48 in.; of 
No. 5, 60 in.; and the width at upper tuyeres of No. 
1 furnace was 9 ft; of No. 5, 10 ft. 


Third Modified Furnace 


Due to the success obtained with the furnaces 
using two rows of tuyeres and with increased pro- 
duction becoming necessary, it was decided to build 
an even larger furnace. It was felt that the optimum 
furnace width had been established fairly well and 
that any increase in size must come by adding to 
the furnace length. 

This larger furnace (referred to as No. 3 furnace) 
was constructed in 1939 and came into operation in 
January 1940. 

The design was partly on the lines of both Nos. 1 
and 5 furnaces, though the length was increased to 
35 ft (twice the length of the previous furnaces). 
Width at the bottom row of tuyeres was 5 ft and at 
the second row 10 ft, the second and third row 
jackets rising vertically from the bottom jackets. 
This alteration was made to try to reduce accre- 
tion formation. 

The square ends were replaced by semicircular 
ends thus eliminating corners for the accumulation 
of accretions. 

The covering fume hood conformed to the shape 
of the shaft with a central offtake, thus allowing 
for charge feeding around the whole furnace top, 
and also allowing for removal of top accretions 
during normal furnace operation. 

From its inception this furnace operated satis- 
factorily with good smelting rate. Operating condi- 
tions were good especially at the feed floor. 

Due to the increased length (35 ft, double that 
of a normal furnace), it was necessary to tap slag 
and bullion using both slag ends and lead wells, and 
the control here was not always easy. The furnace 
would get out of balance rather quickly, as it was 
not unusual to tap two thirds of the production dur- 
ing one shift from one end of the furnace while 
during the following shift production might swing 
to the other tapping end. There were occasions 
when the slag conditions were excellent at one end 
of the furnace with a good flow, while at the other 
end the slag would be viscous and small in quantity. 
This condition would also apply to the lead syphon. 
There were times when this furnace was tapped at 
one end without any trouble, for example, during 
short periods when driving approximately at two 
thirds normal capacity, though if slag conditions 
deteriorated there was a tendency for lower tuyeres 
to fill at the closed end due to the long travel to the 
tapping end. 

On the whole this furnace gave very good results, 
the major operating difficulty being the replacement 
of leaking shaft jackets which at times partly 
flooded the furnace. In these cases it would be some 
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days before the furnace was operating on full pro- 
duction again. 

Due to the increased bullion flow, the capacity of 
the bullion handling ladles was increased from 5 
to 10 tons, which is now standard on all furnaces. 

A weak point was the capacity of the slag settler 
pot, which was approximately one ton. Very close 
attention was necessary to the lead syphon, because 
if any hold up occurred here the settler pot would 
fill and overflow lead into the slag granulating 
launder, with explosive result. Because of its low 
capacity, the slag settler also gave relatively in- 
efficient separation of any entrained lead from the 
slag. 

Operating efficiency was increased further as less 


barring down was required, and, in the latter life 


of this furnace, barring was not carried out at all, 
as it was found that accretions grew to a limiting 
distance of about 18 in. and did not increase, pro- 
viding smelting rate and tuyere conditions were 
good. 

This furnace had a normal production rate treble 
that of the standard furnaces and about twice that 
of either Nos. 1 or 5 furnaces. Due to the necessity 
of operating both tapping ends and the high flow of 
bullion through the lead syphon, it was necessary 
to shut the furnace down after three years’ opera- 
tions and reline the crucible at the lead well sec- 
tions. At the same time the bottom row of jackets 
was renewed and extensive repairs carried out to 
super hoppers at the feed floor. 

It-should be stated here that one of the most seri- 
ous troubles encountered in the water jackets on 
the furnaces results from a marine growth forming 
in the water space, thereby lowering the rate of 
heat transfer. This was more frequent in the “chair” 
type jacket on the modified furnaces, and as failures 
began to occur after two years’ service, it was also 
necessary to renew these shaft jackets. It must be 
understood that all cooling water used was sea 
water pumped from the local sea-port channel. 

The furnace operated until 1946, when it was de- 
cided to demolish it and proceed with the building 
of a new type, incorporating jackets cooled by fresh 
water. 

Table III gives the operating details, comparing 
the first, second, and third modified furnaces when 
working together during year ended June 1940. 


Gee _ Fourth Modified Furnace 


The next step in blast furnace design was to con- 
-struct a furnace aiming at the maximum capacity 
that could be obtained using only one tapping end, 
increasing the holding capacity of the slag settlers, 
trying to eliminate leaking shaft jackets, and instal- 
ling an improved type of refractory block at the 
lead syphon section in the crucible in order to in- 
crease the duration of a furnace campaign. With 
these points in mind the present No. 4 furnace was 


designed and constructed (figs. 4 and 5), coming © 


‘into operation in January 1947. 

Furnace design was identical with the previous 
No. 3 furnace with regard to shaft width, height of 
shaft, tuyeres, etc., but approximately two thirds 
the length, thus giving a corresponding smelting 
capacity while being able to operate on one end of 
the furnace and Lely the production with reason- 
able ease. 


Slag settlers were increased to 5-ton capacity and 


Fig. 5—Fourth modified furnace. 


silliimanite crucible blocks installed at the jeag 
syphon of the crucible lining.— 

Fresh water circulation was used through the 
shaft jackets, the supply being pumped through a 
closed circuit. The water was cooled by passing it 
countercurrent to a flow of sea water through a heat 
exchanger, the salt water then being used for slag 
granulation. 

The volume of fresh water pumped through the 
jackets was 700 gpm, while the volume of sea water 
used through the heat exchanger for cooling was 
1000 gpm. 

The average rise in water temperature after pass- 
ing through the jackets was 6°C, and the sea water 
rise on the heat exchanger was 4.5°C. The average 
working temperature of the jacket water was 40° 
to 50°C. 

As stated above, this furnace came into produc- 
tion on January 1947, and has operated with very 
good conditions both at the feed floor and tapping 
section; stoppages for accretion removal have been 
further reduced and it can be stated that the main 
reasons for stoppages have been for maintenance 
and other causes not due to furnace operation. 

Shaft-jacket failures through leakages have totaled 
four in nearly three years and in each case a small 
hole has been burnt through on the flat of the 
“chair” jacket, indicating that the cause was prob- 


Table III. Comparison of Furnace Operations, 1940 


1st 2nd 3rd 
Modi- Modi- Modi- 
fied fied fied 
Furnace Furnace Furnace 
Charge treated per day, tons 471 409 954 
Coke on charge, pct 10.34 10.42 10.21 
Fixed carbon on charge, pct 8.17 8.23 8.07 
Stoppages, hr per day: 
auatag, 0.30 0.31 
Maintenance, etc. 0.26 0.82 0.016 
Total stoppages 0.56 1.13 0.016 
Lead contents of slag, pct 2:21 2.20 2.40 
Operating efficiency, pct 97.67 96.58 99.43 
Blast pressure, oz per sq in. 39 39 34 
Blast volume, cfm 7,700 8,000 13,900 
Lead tenor of charge, pct 40.37 40.37 40.37 


Note: In the above tabulation 3rd modified furnace was placed 
in operation January 1940, and had not been barred at the time 
the summary was prepared. 
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Fig. 6—Tuyere arrangement of the standard and 
fourth modified blast furnaces. 


ably a piece of speiss or pig iron lodging here and 
burning through the steel plate. 

Due to reduced ore supplies this furnace was 
closed down in December 1948 after two years’ 
operation. There were indications that the crucible 
lining at the lead well section was failing, but after 
examination it was found to be in perfect condition. 

On account of the successful results achieved by 
this furnace, a second furnace was constructed of 
the same. design and dimensions and came into 
operation in June 1948. Its operation has been 
equally satisfactory. 

Table IV shows operating details of the furnaces 
for year ending June 1948. i 

The present battery of blast furnaces and the 
equivalent refined lead production per day is as 
follows: furnace No. 1, 180 tons; No. 2, 120 tons; 
No. 3, 250 tons; No. 4, 250 tons; total, 800 tons. 

Fig. 6 is a diagrammatic plan of the tuyere 
arrangement of the standard blast furnace and the 
fourth modified furnace. 


Metallurgical Operations 


Although furnace design has greatly improved 
operating conditions and efficiency, continued de- 
velopments and improvements in the blast sinter- 
ing section also have had their effects. 

With the introduction of the present sintering 


Table IV. Comparison of Furnace Operations, 1948 


4th 
Standard Modified 
Furnace Furnace 
Charge treated per day, tons 291 586 
Coke on charge, pct 10.66 10.83 
Fixed carbon on charge, pct 7.40 7.52 
Stoppages, hr per day: 
Barring 0.61 0.07 
Maintenance 0.25 0.13 
Total 0.86 0.20 
Operating efficiency, pct 96.42 98.98 
Blast pressure, oz per sq in. 35 35 
Blast volume, cfm 5,400 8,000 
Lead tenor of charge, pct 45.15 45.15 
Lead in slag, pct 1.39 1.40 


ee ————  sSsssSsSsSSsSsSSSSSssSSsSSSSS—— 


plant in 1940, the product has been of a very uni- 
form quality, as the roasting operations are carried 
out on two 10 ft wide sintering machines with care- 
ful attention to charge preparation, charge mixing, 
and prevention of segregation. 

All fluxes needed for final slag composition are 
incorporated in the Dwight-Lloyd charge; the only 
materials not added here are refinery drosses and 
broken slag settler skulls which are added directly 
to the furnaces. 

Screening of all sinter is carried out over a % in. 
screen, the undersize being retreated through the 
sintering plant. 

Each sinter charge produced is weighed auto- 
matically, as is the coke per charge, thus the weight 
control is kept within very close limits. 

All coke used passes through a coke breaker, set 
to reduce the larger pieces down to a maximum size 
of 4 in. After breaking, the whole of the coke is 
screened over a 34-in. screen, the fines being stored 
for use on the Dwight-Lloyd sintering machine 
when necessary. 

These limiting sizes were chosen having in mind 
the experience with the experimental blast furnace 
previously mentioned. 

The following general conclusions were drawn 
from the operation of this experimental furnace: 
(1) Small coke improves reduction, but through the 
tendency to burn out in the upper parts of the shaft, 
it leads to hot furnace top and poor conditions at 
the tuyere zone. (2) Large coke gives excellent 
tuyere conditions, but results in poor reduction, and 
likewise tends to cause hot furnace top and sticky 
conditions near the charge surface. 

Serap iron is added directly to the blast furnaces 
in varying proportions, the average being 1.5 pct of 
the charge weight. 


Charge Preparation and Handling 


The handling of all charge materials for the fur- 
naces is carried out by an overhead telpher hand- 
ling system comprising high lift cranes, secondary 
telphers, and storage bin system. The total capacity 
of the high lift cranes is 5 tons, and the secondary 
cranes, 2 tons. 

The overhead tracks, which are 58 ft above ground 
level, span a section from the coke unloading area 
at the wharf front, and extend over the bin storage 
system, sinter loading floor to the charging section 
of the blast furnaces. 

The charge handling operation consists in trans- 
ferring the weighed Dwight-Lloyd sinter in a skip 
to a position under the secondary telpher from 
which the weighed amount of coke, etc. is added, 
after which the skip is moved under command of 
the high lift crane. The skip is lifted and conveyed 
to the charge hoppers over the blast furnaces, which 
feed continuously into the furnaces. 

A storage system under command of both types 
of telpher cranes contains bins for the storage of 
the charge materials, having the following capaci- 
ties: coke, 170 tons; lead dross, 300 tons; returned 
slag, 300 tons; Dwight-Lloyd sinter, 1600 tons. 

Lead dross is returned from the refinery section 


_and comprises kettle skimmings and the slag pro- 


duced from the final refining furnace, which is 
treated to recover the metal values. 

Returned slag consists of broken slag skulls from 
settler pots from the blast furnaces which are usually 
contaminated with lead. 

During periods when the Dwight-Lloyd plant is 
closed down, the stored sinter is conveyed to skips 
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by the secondary telpher, then handled in the usual 
way to the furnace charge hoppers. 

The high lift crane takes approximately 5 min to 
make a complete cycle per charge which is equiva- 
lent to 100 charges delivered to the furnaces per 
8-hr shift. 


Table V. Composition of Charge Material 


Returned Lead 
D.L. Slag Dross, 
Sinter Skulls Pct 
Pb 42.5 pct Pb 5.0 pct Pb 70 
am 138 oz per ton Ag 2.2 oz 
102 -9 pet 
FeO 12.4 pet Sy, ae 
MnoO 2.7 pet 
CaO 8.8 pct 
Zn 10.2 pet 
Sj 1.9 pet 
S as SO.g 1.0 pet 


The coke used (table VI) is mainly mixed coke 
produced by various companies from coal from the 
South Coast of New South Wales, the largest sup- 
plier being Illawarra Coke Co. 


Slag Handling 


Slag is tapped from one end of each operating 
furnace into a cast steel settler pot of 5-ton capacity 
from whence it overflows into a cast iron granulat- 
ing launder where it meets a jet of salt water and 
is broken into granules, the largest size being % in. 
diam. 

A-wide mouthed chute is used at the delivery into 
the granulating launder thus spreading the stream 
of slag before it comes into contact with the water 
jet. 

In practice the water is supplied from the heat 
exchanger system of the fresh water-cooled fur- 
naces; prior to the construction of these furnaces 
the overflow jacket water was used, supplemented 
by water from salt water tank storage when neces- 
sary. Approximately 1000 gpm of water per furnace 
is used for slag granulation. . 

After granulation the slag passes down a curved 
cast iron launder to an elevator boot from which it 
is lifted by a bucket elevator into a storage bin of 
150-ton capacity and transported by 10-ton motor 
transport units to the slag storage. 

Slag is sampled from the settler overflow at 
hourly intervals and assayed at 8-hr intervals for 
plant control. 


~ An average slag analysis is as follows: Pb, 1.37 


pet: SiO., 21.1 pet; FeO, 28.3 pct; MnO, 4.5 pct; CaO, 
43.2 pet; Al,Os, 6.3 pet; Zn, 17.55 pct; S, 2.0 pct; Ag, 


0.10 oz per ton; new slag fall; 0.67; slag fall arising 
from circulating slag, 0.56; total slag fall, 1.23; and 


- lead lost in slag per 100 tons lead produced, 0.92 


\ 


tons. 
Bullion Handling 


Lead bullion is tapped continuously from the lead 
syphon into brick-lined cast steel ladles of 10-ton 
capacity. These ladles rest on a low, four-wheeled 
carriage mounted on rails which lead under the 
bullion overflow spout. Two sets of rails, carriages, 
and ladles are available at each bullion overflow, 
thus the only time the bullion flow is stopped is 
when changing ladles. This operation occupies only 
2. to 3 min and the normal time for filling a ladle on 
the present large furnaces is approximately 45 min. 

The molten bullion is conveyed by means of an 
overhead crane to the copper drossing section. The 


crane runway is parallel to the blast furnaces and 
covers the copper drossing section as well as the 
battery of furnaces, also a section north of the fur- 
naces where spare kettle units are stored and the 
breaking of slag settler skulls is carried out. 

There are two cranes, the main hoist of each be- 
ing capable of lifting 20 tons, while the auxiliary 
can lift 5 tons; the traveling speed is 300 fpm. Nor- 
mal operations are usually carried out using one 
crane. 


Copper Drossing 


The copper drossing section comprises five 100- 
ton cast iron kettles each weighing approximately 
11 tons. The kettles are oval in shape, set on re- 
inforced concrete foundations lined with firebrick 
and arranged for oil under-firing. Nos. 1, 2, and 4 
are used as drossing kettles, No. 3 as sulphur treat- 
ment kettle, and No. 5 as reheating kettle. 

The time cycle of operations which can be car- 
ried out is as follows: for drossing kettles—filling 
kettle, 3 hr; removing heavy dross, 1 hr; cooling to 
340°C, 3% hr; pumping to sulphur treatment kettle, 
Yo hr; total, 8 hr; and for sulphur treatment kettles— 
filling from drossing kettle, % hr; sulphur treat- 
ment, 1 hr; pumping to reheating kettle, % hr; total, 
2 hr. 

After filling, each dross kettle is skimmed with 
the bullion at a temperature of 450° to 500°C, ap- 
proximately 10 to 15 tons of copper dross being 
removed and charged into the copper dross treat- 
ment furnace. 

The charge is now allowed to cool back to 340°C: 
during which time further copper is thrown out of 
solution, but this dross is not removed. When the 
temperature has fallen to 340°C, a motor driven 
pump delivers the liquid metal into the sulphurizing 
kettle where it is treated with sulphur at the rate. 
of 2 lb per ton of bullion for final copper removal. 
The sulphur is stirred in over a period of 20 min 
holding the temperature of the bullion as near to 
the freezing point as possible. The dross formed is 
skimmed off and returned to the drossing kettle for 
treatment in the next filling cycle. 

After sulphur treatment the bullion is pumped to 
the reheating kettle (No. 5) where it is heated to 
450°C and then transported molten in a 15-ton 
brick-lined ladle to the refinery section for final 
refining. 


Table VI. Analysis of Coke 


Analysis of Coke 
Analysis of Coke, Pct Ash, Pct 
Type Type Type Type 
ee B A B 
VHC 1.6 2.9 SiO2 46.5 58.5 
Fixed Carbon 79.1 68.1 FesOz 5.57 8.6 
Ash 19.3 29.0 MnO 0.45 0.4 
Sulphur 0.41 1.6 CaO 5.43 1,2 
Porosity 48.7 40.0 MgO 1.8 0.4 
AlsOz 33.5 30.2 
Typical Blast Furnace Charge 
Dwight-Lloyd sinter 6,600 lb 
Refinery lead dross 200 - 300 lb 
Returned slag Nil - =08 1p 
Scrap iron 
Cece: 740 - 800 lb 
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Table VII. Copper Removal 


Bullion Bullion Bullion 
after after after 
Furnace Hot Cooling Sulphur 
Bullion Drossing | to 340°C Treatment 
Cu a1 0.21 0.04 0.004 pet 
As 0.25 0.20 0.14 0.14 pct 
Sb 0.93 0.90 0.90 0.90 pct 
Ag 46.0 oz per ton 46.0 46.0 46.0 oz per ton 
Au 0.04 oz per ton 0.04 0.04 0.04 oz per ton 
Fe 0.2 
Bi 0.002 pct 0.002 pct 
s 0.12 pect 


Table VII shows the copper removal through this 
section. 
Copper Dross Treatment 


The copper dross. skimmed from the kettles is 
charged directly into a reverberatory furnace to- 
gether with pig iron and a small quantity of silica 
sand. 

The top of the dross furnace is on the same level 
as the skimming floor of the copper crossing sec- 
tion, the dross is wheeled in small pots (1/3-ton 
capacity) and enters the furnace through one of two 
water-cooled charging ports set-in the arch of the 
furnace. 

Bullion is drawn off through a syphon tap (similar 
in design to the lead blast furnace) into a bullion 
ladle with 10-ton capacity under command of the 
bullion crane, then delivered to the drossing kettles 
for retreatment. 

A double hole tapping breast is set in the furnace 
side, the center of the top hole being 3 in. higher 
than the bottom hole. 

Slag is tapped from the top hole, also matte, while 
copper speiss is tapped from the bottom hole. The 
whole of these products in turn is delivered to an 
endless chain casting machine, cooled by water 
spray, and discharged into skips under command of 
the bullion crane. 

The slag is returned to the blast furnace charge 
for recovery of the metal values, and the copper 
matte and copper speiss are stored and shipped to 
Port Kembla, New South Wales, for copper recovery 
by the Electrolytic Refining and Smelting Co. of 
Australia. 

The furnace is fired with a 5 in. Major Oil Burner 
using 35 to 45 gph of oil (Imp. gal). 

The normal furnace charge is: copper dross, 2240 
lb; silica sand, 25 to 40 1b; iron, 50 to 150 lb. 

Table VIII gives the composition of copper dross 
treated and products from the furnace. 

A furnace is now being constructed to treat the 
copper dross using soda ash as is practiced by some 
American smelters and will oe ready for operation 
in a short time. 


Fume Recovery and Handling 


Blast furnace gases from the downtake flues enter 
the top of a main brick flue which is parallel with 
the furnaces and connects with the main smoke 
stack. This flue is 520 ft long, 15 ft wide, 16 ft high, 
constructed of brick. The main stack is 205 ft high. 

The fume laden gas is delivered to a baghouse, 
constructed of brick, through a 9-ft diam steel flue 
180 ft long, being forced into the baghouse by means 
of Sirocco fan running at 442 rpm driven by a 250 
hp Metropolitan Vickers Synchronous motor. The 
filtered gases are drawn out by a similar type fan 
and motor and delivered to the flue at the base of 
the main stack. The baghouse is divided into eight 
sections, each section being 57 ft long, 14 ft 9 in. 


wide, and 49 ft 6 in. high, equipped with 156 woolen 
bags, 20 in. in diam, 29 ft 6 in. long, the material 
having 22 threads per inch in both warp and weft. 
The bags are in rows of 26, six rows per chamber. 
The total filtering surface is 190,000 sq ft. 

Beneath the thimble floors are mild steel collect- 
ing troughs and screw conveyors, two to each cham- 
ber, thus three rows of bags discharge into each 
screw conveyor. 

After mechanical shaking of the bags, the collected 
fume is dislodged and falls into hoppers from which 
it is removed by means of the screw conveyors. On 
discharge from the conveyors it is conveyed by a 
stream of water down sloping launders to a central 
sump where it is agitated by means of a wooden 
paddle stirrer. This solution is circulated by means 
of a centrifugal pump until the pulp is built up to 
a density of 30 pct solids. 

The pulped material is then dewatered by Ameri- 
can filters in the sintering plant where the filter 
cake again enters the lead treatment system after 
the first sintering machine. 

The filtrate, which contains water soluble cad- 
mium, is passed through precipitating tanks, six in 
all, each tank containing a cylindrical moving trom- 
mel, containing zine slabs, which precipitates the 
cadmium as a fine metallic sponge which settles out 
in the tanks. 


Table VIII. Composition of Copper Dross Treated and 
Furnace Products 


Copper Copper 
Bullion Matte Speiss Slag 
Copper Pro- Pro- Pro- Pro- 
Dross duced duced duced duced 
Pb, pet 71.0 14.2 15.4 4.5 
Cu, pet 12.0 1.96 40.8 40.8 6.0 
As, pet 2.2 0.35 3.0 8.5 
Sb, pet 0.5 0.90 0.5 lan 
Fe, pet 1.9 16.0 15.4 
S, pet 2.7 14.4 9.5 
Ag, oz per ton 15.5 20.0 


This sponge contains impurities, the main one be- 
ing lead. It is melted under caustic soda and cast 
into 7-lb pellets, these pellets in turn are refined 
by distillation in retorts, the refined cadmium then 
being remelted and cast into rods 5/16 in. in diam, 
12 in. long, weighing about 5 oz each. The rods are 
then packed into 1 cwt. boxes for shipment. 

The average analysis of blast furnace baghouse 
fume is as follows: Pb, 48.6 pct; Zn, 17.7 pet; Cd, 
4.07 pct; Cd (water sol), 1.87 pet; Ag, 0.96 oz per 
ton; S, 7.3 pet; Cl, 6.9 pct; As, 0.59 pct; Sb, 0.12 pct; 
volume of gas handled, 120,000 cfm; fume recovered, 
pet of charge, 2.1 pct; lead loss (tons per week), 
1.36; lead loss, pct of new input lead, 0.04 pct; and 
filtering efitiency 98.2 pct. 

The average composition of crude and refined 
cadmium is shown in table IX. 


Table IX. Cadmium Composition 


Crude Cadmium Refined Cadmium 


Pb 1.0 pet Pb 0.018 pct 
Ag 5.0 oe ee ton Zn 0.003 pet 
Cd 98.9 p te 0.001 pet 
0.001 pct 
Ca not less than 
99.97 pct 
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Of a Eutectoid Beryllium Bronze 
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Above the nose of the T-T-T curve the first product is fine 
lamellar pearlite, which subsequently transforms to a coarse pearl- 
ite, also by nucleation and growth. At lower temperatures this 


coarse pearlite forms directly from beta. 
structures are formed before the pearlite reactions begin. 


Numerous metastable 
The 


transformation is followed by metallographic microhardness and 


X-ray methods. 


Le has been demonstrated that alloys in systems 
structurally analogous to steel undergo reactions 
during heat treatment similar to those of steel, and 
yet very little work has been done on such systems, 
particularly from the standpoint of isothermal 
transformation. The literature shows that most of 
the isothermal work has been done on copper-alu- 
minum alloys.” One paper has been reported on 
a eutectoid copper-silicon alloy,* and one on iron- 
nitrogen alloys.* 

There are no published reports of previous in- 
vestigations on the isothermal transformation of a 
eutectoid beryllium bronze. At least two papers 
have been reported on isothermal age-hardening 
phenomena in beryllium-copper alloys of lower 


- beryllium content.” ° No information on eutectoid 
transformations in this alloy is given in Rimbach’s 
~ book, “Beryllium. 


297 


This paper reports the results of an investigation 
on the isothermal transformation characteristics of 


a eutectoid beryllium bronze. 


Materials Used and Procedure 


The eutectoid beryllium bronze used in this in- 
vestigation was centrifugally cast at the Ampco 
Metal Co., Inc., Milwaukee, Wis. A master beryl- 
lium-copper alloy, purchased from the Brush 
Beryllium Co., was used to make the beryllium 
addition to the copper. The alloy was melted under 
a protective carbon cover and centrifugally cast in- 
to a graphite mold preheated to 920°F. Some 
trouble with segregation of beryllium in the melt 
was encountered but was eliminated by violent 
stirring during melting and pouring. 

‘Since very thin specimens were used for the 


various heat treatments, only one casting of the four 
prepared was necessary for the complete isothermal 
study, thus eliminating any discrepancies caused by 
a change in composition. The analysis of this cast- 
ing was 94.035 pct copper and 5.965 pct beryllium. 


- A slight trace of iron was found. 


The castings were sawed into specimens approxi- 
mately 3/32 in. in thickness. The specimens were 
first given an ‘“austenitizing’” heat treatment at 
788°C, well within the single phase beta region, in 
a vertical tube furnace. The specimens were then 
quenched individually into an adjacent molten salt 
bath and held there for a definite time, after which 
they were quenched into water at room tempera- 
ture. Temperature was held to + 2°C in the salt 
bath. No homogenizing treatment was given the 
specimens other than the soak at 788°C. Despite the 
fact that this was a cast alloy, no evidence of segre- 
gation or coring was found in the microstructure of 
any specimen, either as castor as heat-treated. 

Upon completion of the heat treatment, the speci- 
mens were subjected to metallographic examination 
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Fig. 1—Equilibrium diagram. 


and microhardness tests. An electrolytic etch with 
1 pet chromic acid was used for the micrographs 
presented herein unless otherwise stated. The fine 
pearlite structures obtained isothermally at tem- 
peratures below 450°C were irresolvable with the 
light microscope, so a number of Formvar replicas, 
shadow cast with uranium, were made of the sur- 
face for examination with the electron microscope. 
X-ray diffraction methods were used as a third 
means of identification of phases, in. addition to 
metallographic examination and microhardness 
tests. 
The Eutectoid Temperature 


The modified phase diagram for the copper-rich 
end of the copper-beryllium system is shown in fig. 
1, which was taken from the Metals Handbook. It 
became apparent early in this work that the ac- 
cepted eutectoid temperature of 575°C was too low. 
Determination of the eutectoid temperature by 
means of heating and cooling curves (the rate in 
both cases being less than 1°C per min) gave 
values of 614° and 598°C, respectively. Isothermal 
transformation of the high temperature beta gave 
a value of 608°C, no decomposition of the beta oc- 


- 


curring at 610°C in 90 hr. The value of 608°C 
was chosen as the eutectoid temperature in fig. 1. 
Since no determination of the maximum solubility 
of beryllium in copper was made, the values shown 
are those from the accepted diagram from which 
fig. 1 was taken. 

As will be shown, the beta transforms at 592° 
to lamellar pearlite, but when it transforms at the 
eutectoid temperature, 608°, the first product 
formed is alpha, followed by gamma from the 
beryllium-rich beta immediately adjacent to the 
alpha, then more alpha and so on; ie., alternate 
precipitation. Ultimately, the remaining beta also 
begins to transform simultaneously to pearlite. 
These structures are shown in fig. 2. A similar 
type of reaction has just been reported by Bose 
and Hawkes* in a eutectoid iron-nitrogen alloy. 


Results: Isothermal Transformation at 592°C 


The initial transformation product is a fine pearl- 
ite consisting of alternate lamellae of alpha and 
gamma phases. The early growth of the fine pearl- 
ite is along the grain boundaries, but, at this high 
temperature, nucleation and growth within the 
grain are almost simultaneous with the grain 
boundary reaction, fig. 3. 

It is necessary in most instances to go to high 
magnifications to resolve the fine pearlite lamellae 
completely, fig. 4. In nodules where the growth has 
been very rapid, the lamellae of one colony may 
extend unbroken completely across the full width 
of the nodule. 

Before the fine pearlite reaction has gone to com- 
pletion, a coarse pearlite* begins to grow within the 
areas of fine pearlite.. The coarse pearlite is nu- 
cleated within the areas of fine pearlite and grows 
in nodular form in much the same manner as the 
fine pearlite, fig. 5. The wide, well-defined areas of 


* The authors are aware that an objection can be raised to calling 
this structure pearlite, in view of its possible origin. However, since 
it is essentially a lamellar structure the use of the term “coarse 
pearlite’’ seemed permissible. 


Fig. 2 (upper left)—15 hr and 20 min at 608°C. 


The dark etching areas are alpha surrounded i 
Pearlite is also forming. X500. sao asc 


Fig. 3 (center)—90 sec at 592°C. 


Fine pearlite in retained beta. X750. 


Fig. 4 (right)—105 sec at 592°C. 
Fine pearlite in retained beta. XK2000. 


Fig. 5 (lower left)—17 hr at 592°C. 


Fine pearlite is dark, the coarse pearlite is light. Ligh 
was slightly oblique. X50. P g ighting . 
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Fig. 6 (left) —5 min at 592°C. 


Fine pearlite in retained beta. Structure of the needle-like phase is unknown. X750. 


Fig. 7 (center)—4 hr and 21 min at 550°C. 


Coarse pearlite with some fine pearlite. X'750. 


Fig. 8 (right)—92 hr and 42 min at 550°C. 
All coarse pearlite. X'750. 


alternate alpha and gamma are easily distinguished 
from the feathery, gray, etching areas of fine 


_-pearlite. 


The two pearlite structures are the result of two 
separate, distinct reactions. With the nucleation of 
the coarse pearlite nodule, a definite dissimilarity 
is seen between it and the surrounding fine pearl- 
ite. The conclusion is drawn, therefore, that no 
gradual coarsening reaction is taking place. The 
fine pearlite with its narrow, straight lamellae in 
fig. 4 should be compared with the broad irregular 
shaped lamellae of the coarse pearlite in fig. 5, 
better shown in fig. 8. Additional evidence for the 
existence of two separate pearlite reactions is the 
growth of the coarse pearlite across the lamellae 
of the fine pearlite as shown by faint pseudomorphs 
of the fine pearlite which are occasionally visible, 
although the writers were unsuccessful in photo- 
graphing them, 

An unusual microstructure suggesting an addi- 
tional precipitate is shown in fig. 6. The fine pearl- 
ite reaction is about 60 pct complete. The needle- 
like precipitate seems to indicate a third reaction. 
These coarse needles, however, soon disappear with 
the subsequent growth of the fine pearlite, although 
a few of them are still apparent 10 min later. 

The changes in microhardness during isothermal 


_ transformation at.592°C are shown in fig. 9. It is 


seen that they correlate well with microstructural 


_ehanges. ~ 


Isothermal Transformation at 550°C 


The fine pearlite reaction is completely finished 
at a holding time of 40 sec. The coarse pearlite 
reaction begins at 5 min, but the growth is slower 
than at higher temperatures. With a lowering of 
the isothermal temperature from 592° to 550°C, 


the lamellae in both the coarse pearlite and the fine — 


pearlite are considerably finer. 

The method of growth of the coarse pearlite is 
difficult to establish. Generally the growth is in a 
nodular form, but very often the growth is irregu- 
lar and disorganized. This makes it very difficult 
at times to distinguish between the two pearlites 
as shown in fig. 7. The transformation of fine pear- 
lite to coarse pearlite is approximately 60 pct com- 
plete in the specimen shown in fig. 7. This is sup- 


_ ported by hardness data given in fig. 10. The fine 


pearlite is more readily resolvable at the longer 
holding time. The appearance of the coarse pearlite 
after a long holding time is shown in fig. 8. It is 
rather remarkable that little, if any, spheroidiza- 
tion has occurred in this 92-hr period. 


Isothermal Transformation at 502°C 


The nucleation and growth of the fine pearlite is 
extremely rapid at this temperature. The fine pearl- 
ite appears only as a dark etching material com- 
pletely irresolvable with the light microscope, 
froselds 

The beta phase retained from this temperature 
has a somewhat mottled appearance in comparison 
with the clear, almost structureless beta retained in 
the quench from higher isothermal temperatures. 


(1) Fine Peorlite Start 


(2) Coorse Pearlite Start 


(3) Fine Peorlite Finish 
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Fig. 9—Changes in micro- 
hardness at 592°C. 
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In several grains, the “particles” responsible for the 
mottled effect tend to align themselves into a fine 
pseudo-grain boundary network, fig. 12. This is 
not a recrystallization phenomenon, since the parti- 
cles later disappear completely with subsequent 
growth of the fine pearlite. A micrograph taken 
at a slightly longer holding time, fig. 13, shows no 
evidence of these particles or the pseudo-grain 
boundary network. 

Fig. 14 is one of several micrographs showing a 
change in the etching characteristics of the retained 
beta at this temperature and below as contrasted 
with the clear etching beta retained from higher 
isothermal temperatures. The etching reagents used, 
1 pet chromic acid or 5 pct ferric nitrate, give a 
simulated lamellar appearance to the dark etching 
beta matrix when viewed with oblique light. This 
etching phenomenon appears at longer holding 
times after the pseudo-grain boundaries of fig. 12 
disappear. That this is only an etching effect was 


Fig. 16 (left) —4 see at 452°C. 


Fig. 11 (top left)—10 sec at 502°C. 
Fine pearlite in retained beta. X2000. 


Fig. 12 (center)—6 sec at 502°C. 


Fine pearlite along the old beta boundaries and as nodules in retained beta. 
The pseudo-grain boundary network is formed by the precipitation of an 
unknown phase. 


X750. 


Fig. 13 (right) —30 min at 502°C. 


Fine pearlite with some coarse pearlite along the old beta 
grain boundary. X750. 


Fig. 14 (bottom left)—4 hr at 452°C. 


Fine pearlite (dark etching) along the old beta grain boundary surrounded 
by coarse pearlite (light etching) in dark retained beta. X500. 


() Fine Peorlite Start 


(2) Fine Peorlite Finish 
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Isothermal Time in Seconds 


Fig. 15—Changes in micro- 
hardness at 502°C. 


confirmed by electron micrographs of this structure. 
The coarse pearlite lamellae decrease in size as the 
transformation temperature is lowered, fig. 13. 


An unknown metastable phase dispersed in retained beta. X250. 


Fig. 17 (center)—6 sec at 452°C. 


Unknown metastable phase in retained beta. 


This is termed a “rippled” structure. No fine pearlite is visible in this field. XK750. 


Fig. 18 (right)—17 hr at 452°C. 


Coarse pearlite in a matrix of mottled retained beta. Some fine pearlite exists in the upper right corner. X2000. 
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Microhardness data, fig. 15, again validate the 


fine pearlite start and finish and the coarse pearlite 
start. 


Isothermal Transformation at 452°C 


This transformation temperature lies well within 
the range of age hardening for copper-beryllium 
alloys of lower beryllium content. The formation 
of fine pearlite begins at the grain boundaries at 6 
sec, but the growth is very slow. Nucleation and 
growth of the nodules within the grains does not 
become evident until holding times of approxi- 
mately 30.min have been reached. The fine pearlite 
lamellae become resolvable only after a consider- 
able holding time. 

Some form of a metastable precipitate also forms 
rapidly at this temperature, only to disappear a 
few seconds later. The particles precipitate as tiny 
rods which align themselves to form a pseudo- 
grain boundary network very similar to that formed 
at 502°. Some particles also precipitate within the 
beta grains, fig. 16. 

With an additional holding time of 2 sec, this 
pseudo-grain boundary network has disappeared to 
form the “rippled” structure of fig. 17. This “rip- 
pled” structure in turn is replaced by a ‘“mottled’”’ 
structure as shown in fig. 22, for a specimen trans- 


~ formed at lower temperature. The rippling of the 


beta is presumably caused by a metastable phase 
which remains only momentarily. On the other 
hand, the mottled appearance of the retained beta 
is very stable, especially at lower temperatures. It 
should be emphasized that all of these changes occur 
before any appreciable amount of pearlite has 
formed and that the hardness remains approxi- 
mately constant during these microstructural 
changes, fig. 19. 

Guy, Barrett, and Mehl° proposed that the simi- 
lar rippling, or striping, as they describe it, of the 
beta in their lower beryllium alloys was caused 
by a decomposition of the beta grains. If this were 
true, it should be accompanied by a corresponding 
change in hardness, which was not observed, fig. 19. 

With the appearance of the grain boundary reac- 
tion, this rippled precipitate disappears completely 
to form the mottled dark etching matrix previously 
shown in fig. 14. é 

The grain boundary reaction exhibits age- 
hardening characteristics as demonstrated by a 
slight rise in hardness, fig. 19. For lower beryllium- 


Fig. 20 (left)—4 sec at 402°C. 


copper alloys, Bumm* found this grain boundary 
reaction to grow to only a limited extent at tem- 
peratures below 500°C. Aging at temperatures of 
500°C or higher, he found the reaction to cover 
the entire grain. This is in complete agreement 
with the results of this investigation. He inter- 
preted the halting of the grain boundary reaction as 
indicative of the presence of a submicroscopic reac- 
tion in the center of the grain. 

The structure formed initially at the grain bound- 
aries at 425°C is irresolvable, but the similarity of 
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Fig. 19—Changes in micro- 
hardness at 452°C. 


this grain boundary reaction at 452°C to the reac- 
tion at 502°C, which results in a completely pearl- 
itic structure, is such that the writers believe the 
fine pearlite to be formed at the lower tempera- 
ture as well. 
The nucleation and growth of the coarse pearlite 
at this temperature is not confined to areas of fine 
pearlite, as was the case at higher temperatures. 
The coarsening transformation products grow in 
completely untransformed beta areas as well as in 
the fine pearlite areas. A submicroscopic reaction, 
as suggested by Bumm, may halt the growth of the 
fine pearlite but may offer no resistance to the 
growth of the coarse pearlite. The progress of both 
reactions is shown in fig. 18, which also indicates 
the growth of the coarse pearlite directly into the 
beta matrix. 
Microhardness taken on 


readings specimens 


which have been held at this temperature for 15 
hr, or more, show a definite softening of the re- 
tained beta. 


This may indicate the presence of 


An unknown metastable phase forming a pseudo-grain boundary network in retained beta. X2000. 


; Fig. 21 (center)—6 sec at 402°C. 
Retained beta showing the rippling effect with fine pearlite at the grain boundaries. Ferric nitrate etch. X1000. 


Fig. 22 (right)—12 sec at 352°C. 


Mottled retained beta. Ferric nitrate etch. X2000. 
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some reaction within the areas of retained beta. The 
writers believe that the softening of the retained 
beta is due to the formation of very small areas 
of fine pearlite, too small to be resolved micro- 
scopically, but visible under highly oblique pol- 
arized light. 


Isothermal Transformation at 402°C 


The sequence of reactions is the same at this 
temperature as at 452°C. The pseudo-grain bound- 
ary network is shown in fig. 20, and the subsequent 
appearance of the rippled structure of the beta is 
shown in fig. 21. The hardness data at this tem- 
perature, fig. 23, indicate a slight early rise in hard- 
ness, associated with the formation of the rippled 
structure in the beta, fig. 21. 

The coarse pearlite reaction is approximately 3 
pct complete at a transformation time of 63 hr. 
Examination of the specimen under polarized light 
showed many minute areas, within the grain, ex- 
hibiting the same structural characteristics as the 
coarse pearlite. These small areas apparently are 
nucleating centers for subsequent growth of the 
coarse pearlite nodules. 


Isothermal Transformation at 352°C 


The pseudo-grain boundary network disappears 
so rapidly that at a holding-time of 12 sec, no 
evidence remains of its former existence, fig. 22. 
This mottled retained beta remains practically un- 
changed in structure except for a very slight grain 
boundary reaction. Hardness values remain con- 
stant until the start of the grain boundary reaction, 
fig. 24. 


Isothermal Transformation at 305°C 


The microstructure, from a holding time of less 
than 1 sec to holding times of 12 hr, remains un- 
changed and is the mottled beta previously de- 
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Fig. 24—Changes in micro- 
hardness at 352°C. 


scribed. Some of the small rodlike particles are 
formed, but they do not align themselves into a net- 
work as occurred at higher transformation tempera- 
tures. The grain boundary reaction, presumably 
fine pearlite, beginning at 12 hr, has the same ap- 
pearance as the age-hardening precipitate formed 
at temperatures of approximately 300°C in: ‘the 
investigation by Guy, Barrett, and Mehl.” The 
initial stage of the grain boundary reaction is shown 
in fig. 26. The lamellar nature of the precipitate is 
not distinguishable even at a holding time of 116 
hr. Hardness data for this temperature are shown 
in fig. 25. 


Isothermal Transformation at 254°C 


A very fine pseudo-grain boundary network is 
formed at this temperature but disappears almost 
immediately. The individual particles are too small 
to be resolved with a light microscope. A slight 
trace of the network still remains at longer holding 
times, fig. 27. 

With an isothermal time of 30 sec, a rod shaped 
precipitate is formed in a pattern resembling a 
Widmanstatten structure, fig. 28. A slight trace of 
the pseudo-grain boundary network is still visible 
in this micrograph. At an isothermal time of 60 sec- 
this Widmanstatten precipitate has completely dis- 
appeared, leaving a mottled appearing structure 
with an evenly distributed, finely divided precipi- 
tate similar to that shown in fig. 29. Hardness 
data for this temperature are shown in fig. 30. 


Isothermal Transformation at 204°C 


The microstructure formed at this temperature 
remains practically unchanged from an isothermal 
transformation time of less than 1 sec to a time of 
19 hr. The temperature is too low for any trans- 
formation of the retained beta to take place, as is 
confirmed by hardness data, fig. 31. 


X-ray Diffraction Studies 


No extensive analysis of the structures produced 
by isothermal transformation was attempted, the 
diffraction studies being limited to an identifica- 
tion of suspected beta and the fine and coarse pearl- 
ites. It should be mentioned, however, that in no 
case were lines observed which could not be 
ascribed to either the alpha, beta, or gamma phases. 

Fig. 32 shows comparative diffraction pictures of 
the fine and coarse pearlites, as produced by iso- 
thermal transformation at 518° and 520°C, respec- 
tively. Also included is a picture of the pearlitic 
structure produced by allowing the alloy to cool 
slowly in the furnace to room temperature. It is 
obvious that all three pictures have identical lines 
indicating that the same phases, alpha and gamma, 
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Fig. 25—Changes in micro- 
hardness at 305°C. 
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Fig. 26 (top left)—17 hr at 302°C. 


Fine pearlite along the grain boundary in retained beta (mottled). 


X2000. 


Fig. 27 (center)—10 sec at 254°C. 


Unknown precipitate in retained beta. X750. 


Fig. 28 (right)—30 sec at 254°C. 


Unknown precipitate in retained beta. X500. 


-, 2 Fig. 29 (bottom left)—18 hr and 41 min at 204°C. 


a rs 4 i ee z - Retained beta with a finely divided precipitate. Ferric nitrate etch. X750. 


are present in all three specimens. As might be 
expected because of the relatively large size of the 
alpha and gamma platelets in the coarse pearlite 
and the small size of the sliver specimen employed, 
the coarse pearlite pattern shows considerable spot- 
tiness. Measurement of the patterns shows that the 
alpha lattice parameter is somewhat smaller in the 
coarse pearlite than in the fine pearlite. 

It is interesting to note that all of the lines due 
to the gamma phase can be accounted for by a 
simple cubic lattice, which is, at first glance, anom- 
alous. However, the gamma phase corresponds to 
the compound, CuBe, which is body-centered cubic 
with the CsCl type of ordering. Hence the beryl- 
lium atoms contribute very little to the diffraction 
pattern, the observed “simple-cubic” lines coming 
exclusively from the copper atoms. 


Discussion of Results 


The results of these studies are shown on the 
usual isothermal transformation diagram in fig. 
33. The shape of the curves is similar to those 
_ published for other binary alloys. There is no 
positive microstructural evidence of a bainite reac- 
tion, although some of the structural changes in the 
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retained beta before the fine pearlite reaction begins 
may be associated with a bainite reaction of the 
type described by Klier and Grymko’ for aluminum 
bronze. 

The stresses developed in a quench from the 
single phase beta region to room temperature were 
often sufficient in magnitude to shatter the speci- 
men. The fracture was very coarse and granular. 
Upon quenching directly to a temperature of —76°C 
(obtained with dry ice and acetone), the specimen 
was quite tough when fractured. The fracture 
was smooth, indicative of a ductile material. Sub- 
sequent fracture at room temperature, however, 
again revealed a coarse granular structure. This 
suggests the presence of a reversible martensite re- 
action with an Ms below room temperature. This 
possible reaction was not investigated further. 

X-ray diffraction studies of the isothermal struc- 
tures proved conclusively the retention of the beta 
phase at room temperature. The diffraction pictures 
also showed that the two pearlites were composed 
of the same phases—alpha and gamma, thus sim- 
plifying the T-T-T diagram, fig. 33, considerably. 

It is possible to have two successive pearlite-type 
reactions only if the second product is of a coarser 
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Fig. 31—Changes in micro- 
hardness at 204°C. 
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nature than the first and has a correspondingly 
lower hardness than the preceding pearlite struc- 
ture. Each reaction is accompanied by a release of 
energy and approaches more closely the final equili- 
brium end product. 

When the eutectoid is first formed, the alpha 
therein is supersaturated with respect to beryllium, 
but with longer isothermal times, it rejects beryl- 
lium atoms which migrate to the adjacent gamma 
which is considerably richer in beryllium. As this 
rejection continues, the alpha becomes softer, slowly 
approaching its equilibrium state. The rejection of 
the excess beryllium from the supersaturated alpha 
is substantiated by the decrease in lattice parameter 
and results in better delineation of the pearlite 
lamellae. 

The formation of the second, or coarse, pearlite 
is undoubtedly associated with the recrystalliza- 
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Fig. 33—I-T-T diagram for a eutectoid beryl- 
lium bronze. 


tion of the alpha phase in the primary, or fine, 
pearlite. The general features of this recrystalliza- 
tion reaction in age-hardening alloys have been 
described by Geisler,’ and such a reaction has been 
shown’ to exist for lower beryllium alloys whose 
composition lies in the usual age-hardening range. 
That it could occur when the matrix structure is 
as relatively coarse as the fine pearlite was totally 
unexpected. 
Summary 


The isothermal transformation characteristics of 
a eutectoid copper-beryllium alloy have been de- 
termined. The following significant observations 
have been made. 

1. The eutectoid temperature has been relocated 
at 608°C instead of the accepted temperature of 
515 -C. 

2. The transformation generally occurs as in 
eutectoid steel, although no microstructural evi- 
dence of a bainite reaction was found. As the trans- 
formation temperature decreases, the inter-lamellar 
spacing of the pearlite decreases. 


: a Fig. 32—X-ray diffraction pictures 
of the pearlites. Filtered copper 


radiation. 
a. Fine pearlite produced by isothermal 
b transformation, 4 min at 518°C. b. Coarse 


pearlite produced by isothermal transforma- 

tion, 50 hr at 520°C. c. Pearlite produced by 

slow cooling in the furnace. All pictures 

show the same lines, indicating only the 
alpha and gamma phases. 


3. Two separate and distinct pearlite reactions 
have been described. The first pearlite formed from 
the high-temperature beta phase is fine and uni- 
formly lamellar. The second pearlite, which forms 
by nucleation and growth from the first pearlite 
at high temperatures but also directly from the 
beta at lower temperatures, is much coarser and 
less regular. It is suggested that the coarse pearl- 
ite forms from the fine pearlite as a consequence 
of recrystallization of the alpha matrix in the 
eutectoid. 

4. The possibility of a reversible martensite re- 
action at sub-zero temperatures has been shown 
to exist. 

5. It is readily possible to retain the high- 
temperature beta to room temperature provided the 
cooling rate is sufficiently rapid. Even though the 
cooling of the specimen is interrupted by an iso- 
thermal holding at an intermediate temperature, 
the remaining beta can also be retained at room 
temperature by the subsequent quench. 

6. The three identified products, fine pearlite, 
coarse pearlite and beta, have characteristic micro- 
hardness. 

7. Microhardness data correlates well with ob- 
served microstructures. 

8. At temperatures below the nose of the T-T-T 
diagram (500°C) the beta phase undergoes a series 
of microstructural changes involving unknown ef- 
fects before transforming to pearlite. The micro- 
hardness is not affected by these changes. 
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Hydrogen Solubility In 


Aluminum and Some Aluminum Alloys 


by W. R. Opie and N. J. Grant 


YDROGEN in molten aluminum and aluminum 

alloys, which precipitates during cooling and 
solidification, is the principal cause of pin hole 
porosity in ingots and castings. Much attention has 
been given to determining the effect of temperature 
and pressure on the solubility of hydrogen in pure 
aluminum, but little data are available on hydrogen 
solubility in aluminum alloys. This investigation 
was undertaken to check results reported for 
pure aluminum and to show the effect of silicon and 
copper additions on the amount of hydrogen con- 
tained by molten alloys. 
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Previous determinations of the solubility of hy- 
drogen in molten pure aluminum are plotted in fig. 


_ 1. The most reliable data appear to be those of 


ENS 


Ransley and Neufeld* and of Baukloh and Oester- 
len. The latter authors also report some results 
on the effect of copper and silicon additions. Up 
to 6 pct these elements decrease the solubility of 
hydrogen quite rapidly, with a definite minimum 
noted at 6 wt pct for both copper and for silicon, al- 
though no reason is apparent for these minima. 


Experimental Procedure 


The solubility of dry hydrogen in pure aluminum, 
aluminum-silicon, and aluminum-copper alloys was 
determined by the method of Sieverts.* This con- 
sists of determining the volume of the gas system 
above the molten metal at a given temperature and 


pressure by using an insoluble gas. This volume 
is referred to as the “hot volume.” The system is 
then evacuated and the soluble gas is introduced 
at the same temperature and until the same pres- 
sure is reached. It is necessary to introduce enough 
of-the soluble gas to fill the space above the metal 
plus the soluble amount. The difference in the 
volume of soluble gas and the “hot volume’”’ is the 
solubility. The accuracy of solubility measure- 
ments by the Sieverts’ method is primarily depend- 


SOLUBILITY - CUBIC CENTIMETERS PER 100 GRAMS 


700 800 900 1000 (100 1200 
TEMPERATURE - DEGREES CENTIGRADE 


Fig. 1—The solubility of hydrogen in liquid alu- 
minum as reported by various investigators. 
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Fig. 2—Sketch of the apparatus for determining 
the solubility of hydrogen in aluminum alloys. 


ent upon the accuracy of measurement of the gas 
volumes and upon the weight of the metal samples. 
To attain greater accuracy than had previously 
been possible, large samples were used and a burette 
was specially prepared which could be read to 0.01 
cc. Each time a burette reading was made, the 
room temperature was read to 0.1°C and the baro- 
metric pressure read to 0.01 mm of mercury. 
Correction of all test values was made to standard 
conditions of temperature and pressure. 

Fig. 2 is a sketch of the apparatus and gas puri- 
fication system. Laboratory grade helium, which 
was thoroughly purified, as indicated, was used to 
determine the “hot volume.” 

High purity aluminum (99.996 pct) was furnished 
by the Aluminum Co. of America. Silicon of 99.8 
pet purity was obtained from the Electrometal- 
lurgical Corp. Spectroscopically pure copper and 
copper of 99.9-+- pct purity were furnished by the 
American Smelting and Refining Co. 

The metal samples, which weighed from 105 to 


4 


” 

z 

g Ue Ke 
8, | 

S ioe ic 

Ww 

a Wes iE 

”) 

a 

Fe a 

2 

E aE 

G2 

on ama | 

oO 5 
3 zat + 1000 rt | 
< 

F 

Pa} 

Fy 

a 

ad 

3 


° 4 6 12 % 20 24 28 32 
PERCENT COPPER 


Fig. 3—Effect of copper additions upon the solu- 
bility of hydrogen in liquid aluminum at 760 mm 
pressure and various temperatures. 
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158 g, were melted by induction in Norton RA84 
alundum crucibles sealed into the quartz bulb as 
shown in fig. 2. To prevent cracking of the cru- 
cibles, the metal slugs were carefully machined to 
permit free expansion on heating. 

The stirring action of induction heating aided 
not only in the degassing of the metal but also in 
attaining rapid equilibrium in the _ solubility 
measurements. Approximately 10 min was usually 
required to attain equilibrium. This is much faster 
than is possible by resistance heating. Measure- 
ments were made by approaching equilibrium from 
both high and low temperatures and high and low 
pressures. The samples were prepared by melting 
under a hydrogen atmosphere, flushing with hydro- 
gen five times at 1050°C, and degassing under a 
vacuum of 10° mm of mercury. Solubility measure- 
ments were made at temperatures of 700° to 1000°C 
and at pressures of 50 to 800 mm of mercury. The 
temperature of the metal was read by means of a 
chromel-alumel thermocouple. 


Discussion of Results 


The effects of copper and silicon additions on 
hydrogen solubility are shown in figs. 3 and 4. The 
pressure measurements for the aluminum-copper 
and aluminum-silicon alloys were made only at 
1000°C, whereas the same measurements for pure 
aluminum were made at 700°, 800°, 900° and 
1000°F. The results obtained during the constant- 
temperature, varying-pressure tests are plotted 
against the square root of the pressure; a straight 
line relationship exists for pure aluminum, alu- 
minum-copper, and aluminum-silicon alloys (figs. 
DetOmiae 

Figs. 8 and 9 are plots of hydrogen solubility vs. 
copper content and silicon content at 1000°C as a 
function of the hydrogen pressure above the metal. 
It will be observed that there are no minima in 
any of the curves over the composition ranges in- 
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Fig. 4—Fffect of silicon additions upon the solu- 
bility of hydrogen in liquid aluminum at 760 mm 
pressure and various temperatures. 


12383—JOURNAL OF METALS, OCTOBER 1950, TRANSACTIONS AIME, VOL. 188 


b 


100G 
w 


SOLUBILITY-CC PER 


° 4 e 12 16 20 24 28 
Y Py - MM. OF MERCURY 
H, E v) 


Fig. 5—Relationship between the solubility of hy- 
drogen in liquid aluminum and the square root 
of the pressure of hydrogen above the melt. 
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Fig. 6—Relationship between the solubility of hy- 
drogen in liquid aluminum-copper alloys and the 
square root of the hydrogen pressure above the 

melt at 1000°C. : 


vestigated. This is contrary to evidence presented 
previously by Baukloh and Oesterlen.* 

Both silicon and copper decrease the hydrogen 
solubility, the effect of copper being considerably 
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Fig. 8—Effect of the addition of copper to alu-. 
minum upon the amount of hydrogen that will 
dissolve at 1000°C and various pressures. 
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Fig. 7-—Relationship between the solubility of hy- 

drogen in liquid aluminum-silicon alloys and the 

square root of the hydrogen pressure above the 
melt at 1000°C. 


greater than that of silicon. Copper additions cause 
the solubility to decrease up to the composition of 
the intermetallic compound CuAl,, which occurs 
in the composition range 52.3 to 54.7 pct copper.* 

The hydrogen solubility results determined at 
various pressures in pure aluminum and its copper 
and silicon alloys show that Sieverts’ law is obeyed. 

Sieverts’ law relating pressure and solubility may 
be restated by saying that the solubility of hydro- 
gen in aluminum alloys at constant temperature 
varies directly as the pressure of monatomic hydro- 
gen above the metal. The partial pressure of mona- 
tomic hydrogen when 1 mol of diatomic hydrogen 
dissociates to form 2 mols of monatomic hydrogen 
can be calculated’ from the equation 


H.(g) = 2H (g) 
AF, = 97,000 — 3.5 TInT + 0.000457? + 1.17T 


Sieverts’ relationship can then be shown to exist by 
plotting the solubility data, determined at various 
temperatures with the pressure held constant at 
1 atm, against the partial pressure of monatomic 
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Fig. 9—Effect of the addition of silicon to alu- 
minum upon the amount of hydrogen that will 
dissolve at 1000°C and various pressures. 
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Fig. 10—Relationship between the solubility of 

hydrogen in aluminum-copper alloys and the par- 

tial pressure of monatomic hydrogen above the 
melt. 


hydrogen resulting from diatomic hydrogen dis- 
sociation at the corresponding temperatures. Figs. 
10 and 11 show that straight lines can be drawn 
through the data when log plots are used. From 
plots such as these the solubility of hydrogen in 
aluminum alloys can be determined, if the partial 
pressure of monatomic hydrogen above the melt 
is known. Accordingly, any change in the atmos- 
phere above the metal that will increase the par- 
tial pressure of monatomic hydrogen will increase 
the amount of hydrogen that will go into solution 
in the metal. This happens if water vapor present 
in the atmosphere reacts with the metal producing 
the metal oxide and hydrogen. 

In order to derive equations relating solubility 
and temperature, values of log, of the solubility 


Table I Equations relating solubility and 


temperature. 
Heat of 
Solution 
Total of 
Heat of Monatomic 
Solution Hydrogen 
(cal per (cal per 
Alloy Solubility Equation mol)* mol) 
: 2550 
Pure aluminum | logwS = — —— + 2.62 23,300 —77,000 
FE 
2950 2 
2 pet Cu logioS = — —— + 2:90 27,000 —73,300 
1 
3050 
4 pct Cu logwS = — — + 2.94 27,900 —72,400 
a 
3150 
8 pet Cu logioS = — ——=+ 2.94 28,800 —71,500 
oF 
3150 
16 pet Cu logioS = — —— 4+ 2.83 28,800 —71,500 
He 
2950 ; 
32 pet Cu logioS = — —— + 2.57 27,000 —73,300 
YY 
: 2800 
2 pet Si logiS: = — —— + 2.79 f 25,600 —74,700 
T . 
; : 2950 
4 pet Si logioS = — —— + 2.91 27,000 —73,300 
‘ T. 
, 3050 
8 pct Si logioS = — —— + 2.95 27,900 —72,400 
uy 
4 3150 
16 pet Si logiS = — — + 3.00 28,800 —71,500 
a 


* Heats of reaction are given in calories per mol of diatomic 
hydrogen. 
Average heat of dissociation, 100,300 cal per mol. 


SOLUBILITY- CC PER 100G 


=7, 
LOG, Fy (DISSOCIATION REACTION) 


Fig. 11—Relationship between the solubility of 

hydrogen in aluminum-silicon alloys and the par- 

tial pressure of monatomic hydrogen above the 
melt. 


were plotted against the reciprocal of the absolute 
temperature (figs. 12 and 13). The best straight 
line was drawn through the points for each alloy. 
It was necessary to favor the values determined at 
temperatures higher than 700°C for some of the 
alloys in selecting the curve. From these plots, it 
can be seen that the 700°C values tend to deviate 
most from the straight lines drawn through the 
other three points, indicating, usually, that 700°C 
values may be low. A higher percentage of error 
in the low temperature determinations, plus the 
possibility that complete solution may not have 
been obtained can account for this deviation. The 
equations of the straight lines for the various alloys 
have been determined and are listed in table I, 
cols2. 

When values of the equilibrium constant (log.), 
determined by expressing the solubility as the mol 
fraction, are plotted against the reciprocal of the 
absolute temperature, the total heat of solution for 
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Fig. 12—Van’t Hoff plot for 
aluminum-copper alloys. 
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the hydrogen dissociation reaction and the solution 
of monatomic hydrogen can be calculated from the 
slope of the line using the van’t Hoff equation 
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The ordinates in figs. 12 and 13 are marked in units 
of log, of the solubility constant as well as log, of 
the solubility for convenience in calculating the 
heats of solution. 

The heat of solution for the total reaction, 


H, = 2H 


where, H signifies hydrogen dissolved in the metal, 


is made up of the heat of dissociation for the 
reaction 


H, @ 2H 


and the heat of solution of monatomic hydrogen as 
it goes into solution in the metal 


2H = 2H. 


In order to use the straight line relationship, it 
is necessary to assume that the total heat of solution 
is a constant in the temperature range investigated. 
This is a good assumption because, from 700° to 
1000°C, the heat of dissociation, which contributes 
the greater percentage of the total heat exchange, 
varies only between 99,980 and 100,620 cal per 
mol of diatomic hydrogen dissociated.° 

The total heats of solution, the average heat of 
dissociation, and the heats of solution of monatomic 
hydrogen in the various alloys have been de- 
termined from the van’t Hoff plots and are listed 
in table I, cols. 3, 4, and 5. 

Ransley and Neufeld’ derived the equation 


2760 


logio Ss SS + 2.796 


for the solubility of hydrogen (H, @ 2H) in pure 
aluminum and calculated the total heat of solution 
to be 25,000 cal per g mol of diatomic hydrogen. 
These compare well with the results of this in- 
vestigation (23,300 cal). 
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Fig. 13—Van’t Hoff plot for 
aluminum-silicon alloys. 


The equations derived by Dardel®’ relating free 
energy and the equilibrium constant to tempera- 
ture are based on solubility results that are low at 
temperatures near the melting point. 

When argon is used to measure the hot volume, 
considerable error, due to the difference in heat 
conductivity of hydrogen and argon, is introduced 
that will give low solubility values. This probably 
accounts for the low results, especially at tempera- 
tures near the melting point, which many investi- 
gators have obtained, previously. : 

A few measurements were made to determine the 
solubility of hydrogen in solid 2S aluminum. Just 
below the melting point the metal was found to 
absorb 0.04 cc per 100 g of metal. Ransley and 
Neufeld’ report that the solubility at 600°C is 0.036 
cc per 100 g. It was not possible to measure ac- 
curately the very small hydrogen solubility in the 
solid aluminum using apparatus similar to that 
shown in fig. 2, even when very large aluminum 
samples were used. 


Conclusions 
1. The solubility of hydrogen in aluminum, alu- 
minum-copper, and aluminum-silicon alloys follows 
an equation of the general form 


1 Ss A ale J8) 
O81 aris ttell s =e 
© Le 


where S is the solubility in cubic centimeters of: 
hydrogen at standard conditions per 100 g of metal. 
The constants have been evaluated. 

2. Copper and silicon both decrease the solu- 
bility of hydrogen in aluminum; copper is more 
effective than silicon. No minima are noted when 
hydrogen solubility is plotted against copper content 
(up to 50 pct) or silicon content (up to 18 pct). 

3. Sieverts’ law is obeyed for aluminum and 
aluminum-copper alloys from 0. to 50.5 pct copper, 
and aluminum-silicon alloys from 0 to 18 pct silicon. 
The temperature range investigated was from 700° 
to 1000°C and the pressure range was from 50 to 
800 mm of mercury. 
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Solid Solubility of Cementite 
In Alpha Iron 


by Charles A. Wert 


By the use of the internal friction of carbon in a-iron the solu- 
bility of cementite in a-iron has been measured down to a tempera- 
ture of 150°C. The yield strength of ingot iron containing small 
amounts of cementite has also been determined as a function of 

carbon concentration. 


HE solid solubility of cementite in e-iron has 
been investigated a number of times and there 
is now general agreement on the solubility of about 
0.018 wt pct at the eutectoid temperature, 720°C. 
With decreasing temperature, the solubility falls off 
so rapidly and to such a low value that no data ob- 
tained by standard metallurgical methods are avail- 
able below 500°C. Using a new technique, how- 
ever, Dijkstra* has obtained apparently accurate 
solubilities down to 400°C; which data agree well 
with previously measured solubilities in the 600° to 
700°C temperature range.” The present paper has 
in part the purpose of extending his work to still 
lower temperatures. 
Earlier work of Low and Gensamer* on iron has 
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established that the presence of a relatively small 
amount of carbon can play a tremendous role in 
affecting the mechanical properties. In particular 
they found that the yield point remained high as 
they reduced the amount of carbon in the iron; the 
yield point dropped only after the carbon content 
had fallen to something less than 0.003 wt pct, the 
point where their carbon analysis failed. It seemed 
desirable to the present author to see if some means 
could not be found to extend this part of their 
work. This investigation has then the additional 
purpose to determine the range of carbon concentra- 
tion in which the major change occurs. 


Solubility 


The method used in the present work to measure 
small percentages of carbon in a-iron utilizes in- 
ternal friction. Since this method may not be fa- 
miliar to the reader, the following explanation will 
be given (a part of this procedure is from unpub- 
lished results of Dijkstra): It is known that the 
internal friction associated with the diffusion of 


1242—JOURNAL OF METALS, OCTOBER 1950, TRANSACTIONS AIME, VOL. 188 


REDE EEE EE EE OO OOOO 


carbon in a-iron is linearly dependent on the amount 
of carbon present in solid solution; ie., wt 0/0 C = 
K Q™. In this expression Q* is the internal fric- 
tion and K is a constant. To measure amounts of 
carbon, one needs only to determine the magnitude 
of the internal friction appropriately; if one knows 
the proportionality constant K, one can compute the 
carbon concentration. Dijkstra measured K by the 
following method: He first measured the increase in 
weight and the increase in electrical resistivity at 
room temperature caused by adding carbon to a 
bar of iron.* Hence he was able to find an equation 
wt 0/0 C = A, AR/R, where A, is determined em- 
pirically. Then on an iron wire he measured Q* and 
AR/R for various carbon concentrations, obtaining 
an equation AR/R = A.Q”* where A, is also deter- 
mined empirically. Hence, he could say that wt 
0/0 C = A,A.Q* where A,A, = K. He found that if 
internal friction was expressed in units Q“, then 
(by chance) the constant K was about unity for 
polycrystalline iron, so that 

wt 0/0 C = Q* [1] 

To measure solid solubilities the specimens were 
in the form of wires 0.03 in. in diam and 1 ft long. 
The specimens were swaged and drawn from a % in. 
bar of Puron iron with appropriate intermediate 
vacuum anneals. They were then freed from carbon 
and nitrogen by a 4-hr treatment in wet hydrogen 
at 750°C. These wires were carburized to about 0.02 
wt pet C, and, after they were quenched, they were 
tempered at the desired temperatures for varying 
periods of time. During this time the internal fric- 
tion decreased for a time as the carbon precipitated 
into Fe,C, but it finally reached a stable value. The 
background damping (i.e., the damping due to air, 
etc.) was then measured. The difference between 
these two values represented the damping due to 
carbon in equilibrium with Fe,C at that tempera- 
ture. Use of eq 1 then gave the equilibrium con- 
centration of carbon. 

The solubilities obtained in this way are shown 
in fig. 1. Here is also given the work of Stanley’ and 
Dijkstra," showing the relatively good agreement 
between the two methods at the higher tempera- 
tures. This good agreement provides an independent 
check on the accuracy of calibration of the present 


- method. The present work has extended the measure- 


ments down to 150°C where the equilibrium value 
is of the order of 4x10~ wt pct. The most striking 
fact to be noted about this plot is the extremely low 
value that it indicates for the solid solubility at room 


temperature. If the straight line of log C vs. 1/ T is 


extrapolated to 20 Oe the solubility there is of the 
order of 107 wt pct. This estimate is orders of magni- 
tude lower than previous estimates. It means that 
without extreme care, one may never have a piece 
of iron at room temperature which is not super- 
saturated with carbon. 

The Puron iron used in this investigation con- 
tains oxygen as the major impurity, which is present 
to the extent of about 0.04 pct, according to the 
Westinghouse Corp. The solubility of oxygen in iron 
in the range 200° to 500°C is not known, but most 
of the oxygen present is assumed to be in the form 
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Fig. 1—Plot of solid solubility of carbon in a-iron 
vs. 1/T. 


of oxides. No large amount of metallic impurities 
is believed to be present, spectrographic analysis 
failed to disclose any significant impurities after 
treatment. It is possible that the oxide present, as 
well as some lattice imperfections, may bind some 
of the carbon to particular regions of the lattice. 
The present method of internal friction does not 
measure these particular carbon atoms but rather 
measures those which are situated in the normal 
regions of the lattice. Those carbon atoms which are 
bound to particular sites, however, are not in solid 
solution in the same sense as those which are free 
to move about in the normal lattice. In this paper, 
it is these latter atoms which are referred to when 
the solubility limit is stated. 


Yield Strength 


For the type of specimens used in this part of the 
work, a compromise was found necessary. For the 
determination of carbon concentrations by the 


Fig. 2—Schematic draw- 
ing of apparatus used 
to determine yield 
points. 


TRANSACTIONS AIME, VOL. 188, OCTOBER 1950, JOURNAL OF METALS—1243 


Armco tron 
~ .0002%C 
20°C 


Stress (arbitrary units) 


O 10 20 30 40 #0 
Strain X10 


Fig. 3—A typical stress-strain curve. 


method employed here, it is desirable that the speci- 
mens be thin wires. Unfortunately, good yield 
strength determinations are rather uncertain on such 
wires; during the preparation of the samples they 
are unavoidably bent somewhat; during tensile runs 
the straightening of the wire during the loading 
complicates matters to some extent. For these 
measurements, one would like specimens of some- 
what larger dimensions than wires. In spite of these 
difficulties, by the method described here, it was 
found possible to obtain data consistent enough to 
show the desired effect. 

The tensile specimens were Armco iron wires 
about 0.05 in. in diam and about 6 in. long. They 
had been swaged and drawn from a piece of ¥% in. 
rod with appropriate intermediate vacuum anneals. 
The nitrogen and carbon were then removed by a 
wet H, treatment at 750°C for 4 hr. A measurement 
by means of internal friction showed no measure- 
able amount of either nitrogen or carbon present 
(this means that nitrogen and carbon were surely 
present in the normal lattice in amounts less than 
0.0001 wt pct). The samples were then carburized 
slightly and homogenized. After this treatment the 
carbon content was measured in the manner de- 


Yield Point 
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Fig. 4—Yield point vs. percent carbon (in all cases 
the C is in solid solution). 


scribed in the previous section. The yield strength 
measurements were then made. 

For these tests a soft tensile machine was used. 
The wires were suspended vertically as shown in 
fig. 2. On each end of the wire was soldered a spheri- 
cal ball which rested in conical seats cut in the 
members A and B. Appropriate slots and holes were 
cut in these pieces to permit easy assembly. The top 
piece A was in turn supported on a 1/16 in. ball 
bearing fastened securely to A and resting in a 
slight depression in part C. The force was applied 
by means of a water load through a spring which 
was calibrated to read the load directly. All these 
parts were made in such a manner that the wire 
was under as nearly a purely tensile force as pos- 
sible. The loading was done at about 500 psi per 
min. 

The strain was measured using a strain gauge 
composed of a single 1 in. loop of 0.001 in. wire 
cemented to the central part of the specimen. 

This strain gauge was one arm of a Wheatstone 
bridge whose state of unbalance was continuously 
recorded by a Brown potentiometer. A typical stress- 
strain curve is given in fig. 3. From such curves the 
yield strength was determined by noting the stress 
at which the strain had deviated 0.02 pct from a 
straight line extended from the elastic position of 
the curve. Because of the unbending of the wire it 
was not always possible to draw this line with great 
accuracy. Such difficulties give rise to an inaccuracy 
of only about 1000 psi in measured yield strength, 
however, so they are not considered too serious. 
This spread, too, is about the same as that found 
for different wires of the same composition. 

The yield strengths determined as a function of 
carbon concentration are given in fig. 4. These data 
show that the most striking increase in yield 
strength occurs in the range zero to 0.0002 wt pct C. 
For high carbon concentrations, the magnitude is 
of the same order as those values obtained by Low 
and Gensamer.’ The effect of impurities, again oxy- 
gen and other metals, can again not be ascertained 
in detail. The important fact is that for this iron the 
yield strength depends on carbon concentration in 
the way shown in fig. 4. 


Summary 


The two chief findings of this investigation are: 
(1) The solid solubility of cementite in a-iron in 
equilibrium with Fe,C decreases to extremely low 
values with decreasing temperature. From these 
data the room temperature extrapolated value is 
much lower than had previously been supposed. (2) 
The amount of carbon necessary to affect the yield 
strength of ingot (Armco) iron is very small, about 
0.0001 wt pct. 


References 


*L. J. Dijkstra: Trans. AIME, 185, 252; Journal o 
Metals (March 1949) TP 2540E. 

*J. K. Stanley: Trans. AIME, 185, 752; Journal of 
Metals (Oct. 1949) TP 2679E. 

*J. Low and M. Gensamer: Trans. AIME (1944) 158, 
207. : 

*D. J. Dijkstra: Philips Research Report. (1947) 
No. 2, 257. 


‘1244—JOURNAL OF METALS, OCTOBER 1950, TRANSACTIONS AIME, VOL. 188 


ee ee 


Relative Energies of Grain Boundaries in Silicon Iron 


by C. G. Dunn, F. W. Daniels, and M. J. Bolton 


Relative grain boundary energies in silicon-iron crystals are 
determined for differences in crystal orientation (1) in the 
range 0 to 20° for a (110) series having grains with a <110> 
common axis and (2) in the range 0 to 45° for a (100) series 
having grains with a <100> common axis. Micrographic data 
to show movement and configurations of boundaries are given. 


|e recent investigations” * data on relative grain 
boundary energies in silicon iron have been ob- 
tained. The present investigation is a continuation 
of this work along similar lines for the purpose of 
obtaining additional information on boundary ener- 
gies. One aim has been to extend the data for a (110) 
series, which was formerly studied,’ to small differ- 
ences in orientation, since a recent theory” * based 
on a dislocation model of grain boundaries predicts 
a E, A (A-In A)* form of energy curve for small 


*E,. and A are constants and A is the difference in crystal ori- 
entation of the two grains forming a grain boundary, one crystallo- 
graphic direction remaining constant with changing A. 


differences in orientation. Another aim has been to 
provide data for a (100) series—all grains having 
(100) planes parallel with the surface of sheet speci- 
mens—and to compare the results with the predicted 
form of energy curve. Finally, information on the 
nature of approach to equilibrium conditions was to 
be obtained through observations on the movements 
of grain boundaries. 

Recently published papers”®*° have treated the 
mathematical problem of expressing equilibrium 
conditions for grain boundaries for the general case 
when boundary energy depends upon boundary 
orientation. The equilibrium equations, which re- 
late equilibrium angles and grain boundary free 
energies, contain additional terms that express the 
variation of energy with boundary rotation. It has 
been necessary in the present investigation, how- 
ever, to neglect these additional terms since no data 
for their evaluation were available. Dropping the 
additional terms leads to the following approximate 
equations which were used: 


ML sptie tiie ok ell [1] 


sin 6; sin 62 
or those of the form: 
E., + Ey cos 6, + Ey», cos 6. = 0 [2] 
Experimental Procedure 


Except for sample F1, all specimens were made 
from two lots of silicon iron called C and L respec- 
tively. The compositions of these are listed in table I. 

In the preparation of 12 three-grain specimens for 
the present investigation, a controlled grain growth 
technique, which has been described previously,’ 
was used. After preparation, the specimens were 
notched at the boundaries to shorten them as a means 
of providing more rapid approach to equilibrium 
in the anneals. Initial grain boundary angles were 
determined from micrographs taken at X500. Seven 


anneals, totaling about two days at 1300°C and two 
to four days at 1400°C, were run in an atmosphere 
of pure dry argon as described in a previous paper. 
Boundary changes generally could be followed with- 
out metallographic surface preparation, because 
thermal etching occurred during the anneals. These 
observations indicated angle changes of as much as 
35° in some instances, with the major changes oc- 
curring during the first anneal. Annealing was dis- 
continued when the angles reached stationary values. 
Fig. 1 gives a schematic diagram for purposes of 
defining crystallographic and boundary directions 
for three grains with common plane parallel with 
the sheet. Differences in orientations (expressed by 
A) are the angles between [001] directions. They 
can be calculated with the aid of the &’s. The grain 
boundary angles can be calculated from the o’s. 


Results 


Results are given in table II. Types of crystal- 
lographic planes refer to those parallel with the 
sheet. Orientations are given in terms of [001] direc- 
tions as shown in fig. 1. Except for grain 3 of speci- 
men H6, which was unintentionally tilted 7° out 
of a (100) plane, all grains generally were within 
1° or 2° of the plane specified. The directions of boun- 
daries were measured generally to within 1° on both 
upper and lower surfaces, and the average direc- 


Table I. Percentage Composition of Common Elements 
in Two Lots of Silicon Iron* 


Material Si Cc ie Ss Mn Al Ti Cu 


3.38 0.005 0.013 0.010 0.04 0.01 0.0013 0.05 
3.31 0.004 0.016 0.005 0.02 0.01 0.0009 0.01 


C (commercial) 
L (laboratory) 


* Further purification through the removal of carbon, phosphorus, 
and sulphur during annealing at high temperatures in pure dry 
hydrogen, which was carried out for some anneals, could be ex- 
pected. 


tions were determined for use in calculating the 
grain boundary angles. Variations in grain boundary 
directions refer to deviations from average direc- 
tions. Boundaries near the junction point for all 
specimens generally were very close to perpendicu- 
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Fig. 1—Schematic diagram showing crystallographic 
and grain boundary directions in a three-grain speci- 
men, 


larity with the sheet. Consequently, the samples 
could be treated as two-dimensional in nature. 

The general plan followed in calculating energies 
of boundaries in the low A range was to start with 
known energies in the high A range, which were 
available for the (110) series from published data.’ 
The method employed for the (100) series will be 
described later. 

The curve shown in fig. 2, giving the variation of 
E with difference in orientation, was constructed as 
the calculations proceeded. First, as much of the 
curve as possible was drawn using data from table I, 
ref. 1. The values shown with asterisk marks in 
table II (also shown as black dots in fig. 2) were 
then read from this curve. In the case of specimens 
F1 and S4, two high energy values were available 
to use in eq 2 to calculate the third E value. With 
specimens $3, S2, and S1, one E value was selected 
from the curve for use in eq 1 to calculate the other 
two energies; the selected E values for S2 and Sl, 
enclosed in brackets, were determined by the final 
shape of the curve. 

Before indicating how the calculations were made 
for the (100) series, specimen M1, which connects the 
(100) series with the (110) series, needs to be de- 
scribed. Referring to the stereographic projection in 
fig. 3, it will be seen that grains 1 and 3 belong toa 
(110) series and have a difference in orientation of 


28.5° (chosen near 25°, where the energy curve be-’ 


comes horizontal, for greater accuracy of the value 
of E,,). On the other hand, grains 1 and 2 have a 
’ [001] direction in common; so in three dimensions 
these two grains belong to a (100) type series with 
a difference in orientation of 44°. From the value 
1.09 for E,, selected from the curve of fig. 2, one ob- 
tains, using eq 1, the value 1.14 for E,,. This provides 


a starting point for the (100) series, assuming, of 
course, that any differences due to altered erystal- 
lographic relationships of the boundary may be neg- 
lected providing that a 44° or 45° difference in crys- 
tal orientation is again obtained by rotation about a 
common <100> axis. 

Referring to the orientations of grains 1 and 2 of 
specimens H4 and H5 listed in table II, it will be 
seen that these grains have the same orientation 
relationship as grains 1 and 2 of specimen M1. E,, for 
each, therefore, can be set equal to 1.14. Again using 
eq 1, one obtains values of E for A’s of 21°, 24°, 17°, 
and 27°. From the E values of this partial (100) 


RELATIVE E VALUES 


@ FROM CURVE OF REF. 4 


+ INTERPOLATED VALUES 
o EXPERIMENTAL VALUES 


fe} 10 20 30 40 50 
DIFFERENCE IN ORIENTATION A IN DEGREES 


Fig. 2—Plot showing variation of relative energies 
with difference in orientation for grains with com- 
mon (110) plane. 


series, a tentative curve can be drawn for purposes 
of interpolation. (The final curve depends, of course, 
on other points—a process of adjusting has to be 
employed to allow for these changes.) In this way 
Ey» for specimen H3 was selected at a value of 1.22. 
The remainder of the H series was similarly evalu- 
ated. In plotting the points for the curve in fig. 4 
each interpolated point is indicated by a cross and 
each calculated point by an open circle. 


Microstructure 


The appearance of the microstructure for labo- 
ratory and commercially prepared lots of silicon iron 
was much alike with only minor amounts of inclu- 


Table II. Grain Orientations and Boundary Energies 


, : yi Differences in Grain Boundary 
Orientation of Grains Orientations Orientations of Boundaries Equilibrium Angles Energies Equa-~ 
Speci- Mate- Kaa 
men rial. Group] 61 62 63 Av Ais Avg pre dis G23 01 02 63 Ero E13 E23 Used 
Fi D 110 |349.5 341 9:5) 8.5 20 20:5) | 11 5=E2 106 3 240 =1 | 94.5 131.5 134 81 1.09* * 
SET, 110 | 155 105 351.5| 5 24 19 (|342 +1 104 +4 252 +1%|129 90 148 | O88 Lio" Lose 2 
S3 L 110 |356 15 4 15.5 8 7.5. 1352-5 137,543 218.5 145 134 81 1.02* 0.74 0.59 1 
s2 L 110 |353 2.5 358.5] 9.5 5.5 4 354 +4 1364250 224.543 |142 129.5 88.5 [0.78] 0.60 0.48 i 
a a 110). 357 . 3 0.5) 6 3.50 2.5 |). 30. 62 146) SE Soh 231 eae 159 85 |[0.60] 0.22 0.54 ak 
10 bs ee fig. 3 44 28.5 12.542 123.5% 246 +0 {111 126.5 122.5] 1.14 1.09* 1.27 au 
H4 Cc 100 20.5 65.5 41.5] 45 21 24 14 +1 E25) “a1 249 +0 /111 125 124 a fea EY fe ft 
H5 6G 100 | 62 18 44 17 27 |352 +0 104 +2 294 421/112 128 120 (14) Loa 138 1 
H3 Cc 100 |107 70 86.5| 37 20.5 16.5 |321.5-+0 93.5+0 207 =0 |132 114.5 113.5] [1.22] 1.21 0.99 al 
H7 Cc 100 27 17 47 10 20 30 17 =3% 127 =1 262° =0 /110 115 135 0.92 [1.13] [1.25] 2 
H6 (e! 100 27 20 60 7 33 40 116 262 110 104 146 0.71 [1.24] [1.19] 2 
H1 Cc 100 50 39 44 11 6 5 2 135 223. 133 139 88 |[0.88] 0.58 0.64 uy 


* From curve of ref. 1. 
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Fig. 3—Stereographic projection giving directions — 
of cube poles of three grains in specimen M1. 


sions visible. Further, the movements of boundaries 
produced by annealing were largely the same. 


Boundaries: With good atmosphere control it was 
possible to maintain a relatively smooth and bright 
surface during annealing and at the same time de- 
velop visible boundaries through thermal etching. 
In some instances the surfaces became rough and 
repolishing was necessary. Such polishing, which 
was done on 3/0 emery paper, disclosed an orienta- 
tion dependence of the thermally etched boundaries. 
These boundaries, which appeared as surface grooves, 
became progressively harder to erase with increas- 
ing difference in orientation in the low A range. 

Another similar observation was that boundaries 
for small differences in orientation generally failed 
to straighten as rapidly or as far as those for large 
differences in orientation. 

Illustrations of Boundary Changes: A series of 
photographs for specimen S3 are shown in fig. 5 
giving the microstructure in the original condition, 
1100°C for approximately 1 hr. 
as annealed 24 hr at 1200°C, and after 66 hr at 
1400°C. These photographs illustrate a general ob- 
servation in the present work (see experimental 
procedure) that initial grain boundary- angles often 
are far from equilibrium values. 

Another example of boundary migration is “that 
observed for specimen M1. Initially, grain 2 was of 
peninsular shape near the junction point of the three 
grains, a shape conducive to the motion of the junc- 
_ tion point toward grain 2. Actually the junction 
point did move during annealing for a total distance 
of 0.6 mm toward grain 2. Fig. 6 shows what hap- 


pened during the first anneal when the junction 
point advanced 0.3 mm. Traces of the chemically 
etched boundaries indicate the initial configuration, 
and sharply defined thermally etched boundaries, 
the final position. The intermediate positions that 
appear to be boundaries were not visible at high 
magnification. Their visibility at X100 can be ex- 
plained in terms of shallow grooves which formed 
in the surface when the boundaries stopped moving 
for a time or when they moved at a slow rate as 
compared with the average motion. The irregular 
shape of grain 2 would account for some of wed un- 
even movement but possibly not all. 


RELATIVE E VALUES 


@ FROM SPECIMEN MI 


+ INTERPOLATED VALUES 
o EXPERIMENTAL VALUES 


DIFFERENCE IN ORIENTATION 4 IN DEGREES 


Fig. 4—Plot showing variation of relative energies 
with difference in orientation for grains with a 
common (100) plane. 


Fig. 7 illustrates the final grain boundary con- 
figuration in specimen H6. The broad boundaries 
appearing in the microstructure are not due to wide 
grooves but to a slight offset of the grains. The 
extremities of these broad boundaries actually cor- 
respond to initial and final boundary positions for 
the last anneal. 


Effect of Difference in Orientation 


The curve obtained in fig. 2 is in good agreement 
with that obtained formerly by Dunn and Lionetti* 


Fig. 5—Microstructure of specimen S3. a. (left) Specimen as ee er Polished and etched. X500. 
es “(eenter) After 24 hr at 1200°C. Thermally etched. X500. c. (right) After 66 hr at 1400°C. Polished 
and etched. X500. 


Area reduced approximately 20 pet for reproduction. 
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in that it establishes a rapid drop in energy for A 
values below 15°. The present curve, however, is 
extended further into the low energy range, but the 
data are not sufficiently accurate to determine the 
exact shape of the curve in this region. The curve 
as drawn is in good agreement with a E,A (A-InA) 
variation of energy with difference in orientation, a 
theoretical form of energy curve that has been de- 
rived by Shockley and Read”* from dislocation 
models of grain boundaries. 

Since the energy values obtained in the present 
investigation depend on the assumption that equi- 
librium angles are reached, the trends of angle 
changes are of importance in determining whether 
calculated energies are high or low. For example, 
the observation was made that 9, in specimen F1 
increased during annealing. This means that E,, 
at a value of 0.81 was approached from above and 
that much longer annealing might have lowered this 
value somewhat. The final value of 9; in specimen 
$3, an acute angle, represents reduction from a 
larger angle (fig. 5), and this circumstance, of 
course, means that E,, and E., must be substantially 
smaller than E,,. The final value of 9; is in substantial 
agreement with that formerly obtained’ for a similar 
group. Furthermore, the directions of angle change 
observed for specimens S2 and S1 indicate lower 
energies for smaller differences in orientation. It is 
reasonable to conclude, therefore, that the form of 
energy curve obtained is not one of chance due to 
nonequilibrium conditions of the specimens but 
rather is a representation of a real effect of orienta- 
tion difference on energy.} 


~ The recently published work of K. T. Aust and B. Chalmers for 
grain boundary energies in tin gives excellent proof of this orienta- 
tion dependence.® 


The curve obtained in fig. 4 for the (100) series 
has several surprising features. First there is a 
maximum boundary energy slightly above that for 
the (110) series. The relative values are based, of 
“ course, on one specimen M1; but it is believed that 
this sample can be considered as exceptionally re- 
liable. At first a maximum energy for A less than 45° 
seemed surprising, but the dotted curve in fig. 3 of 
Shockley and. Read’s theoretical curve for a (100) 
series predicts a maximum point below 45°. A maxi- 
mum point at 30° would require the value of A in 
(A-InA) to be 0.34, which apparently is quite rea- 
sonable.’ 

Although no conscious effort was made to have 
the initial part of the curve for the (100) series 


Fig. 6 (left)—Microstructure of specimen M1 in as- 
annealed condition after 24 hr at 1200°C. X100. 


Fig. 7 (above)—Microstructure of specimen H6 after 48 
hr at 1400°C. Thermal etch. X60. 


Area reduced approximately 20 pct for reproduction. 


coincide with that of the (110) series, these parts 
of the curves are in good agreement. The curve for 
the (100) series satisfies a E,A (A-InA) relation re- 
markably well. 

Summary and Conclusions 


To determine relative grain boundary energies as 
a function of difference in crystal orientation, 12 
three-grain specimens were investigated. The de- 
pendence of energy on orientation was studied 
through use of: (1) a (110) series wherein each 
grain had a (110) plane in the plane of the specimen, 
and (2) a (100) series wherein each grain had a (100) 
plane in the plane of the specimen. A microstructure 
investigation also was undertaken to establish con- 
ditions of equilibrium. 

Results for the (110) series show a relatively 
rapid rise in grain boundary energy with difference 
in orientation, and this agrees well with a function 
of the form E,A (A-InA) where E, and A are con- 
stants and A is the difference in orientation. 

Results for the (100) series show a similar in- 
crease in grain boundary energy with difference in 
orientation with the curve reaching a maximum 
value at a difference in orientation of about 30°. 
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Ordering Reaction in Cobalt-Platinum Alloys 


by J. B. Newkirk, A. H. Geisler, D. L. Martin, and R. Smoluchowski 


The order-disorder phenomenon in alloys near CoPt composition was 
studied during the progress of the ordering reaction. The changes in hard- 
ness, electrical resistance, X-ray diffraction, and microstructure which 
accompany the transformation at various temperatures were found to be 
similar to those characteristic of conventional heterogeneous precipitation 
reactions. The transformation is discussed in terms of four distinct proc- 

esses which can appear in the reaction. 


FUNDAMENTAL investigation of the mecha- 
nism of the ordering reaction and of the accom- 

panying changes in properties has been undertaken, 
_ since an extensive study of this process could well 
contribute to the knowledge of phase transitions in 
alloys. Cobalt-platinum alloys were chosen for the 
study since they exhibit interesting and unusual 
permanent magnet properties.”’ In addition, the 
ordering reaction in cobalt-platinum alloys is a con- 
venient one to study experimentally because of the 
high maximum ordering temperature, the large dif- 
ference in the X-ray scattering power of cobalt and 
platinum atoms, and the relative ease with which 
the alloys can be plastically worked into wire and 
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strip. In the early stages of this study, it became 
apparent that the published phase diagrams” * of 
the cobalt-platinum system contained questionable 
features, in the region of 40 to 60 atomic pct Co, 
which were considered in another publication by the 
authors.* That portion of the research reported 
elsewhere on the equilibrium states of cobalt- 
platinum alloys does not confirm the presence of a 
previously reported high temperature disordered 


‘tetragonal phase and a low temperature body- 


centered cubic phase. On the other hand, the struc- 
ture of the ordered phase is face-centered tetragonal 
with an atomic distribution analogous to that of 
CuAu.* This lattice forms from the disordered face- 
centered cubic phase in such an orientation that the 
<100> directions are parallel to the <100> direc- 
tions of the disordered phase. At compositions other 
than the ideal 50 atomic pct the ordered phase can 
exist in equilibrium at high temperatures with the 
disordered phase. A Widmanstatten pattern of 
plate-like particles of the ordered phase parallel to 
{110} planes of the disordered matrix is observed 
when an initially disordered alloy is held at these 
temperatures. The temperature range of the two- 
phase region has been determined for three alloys 
by X-ray diffraction analyses, microscopic examina- 
tion, and electrical resistivity measurements, and 
these results are incorporated with some of those of 
Gebhardt and Koster in the revised phase diagram 
of fig. 1. 

The purpose of the investigation reported here 
was to examine the mechanism of ordering in co- 
balt-platinum alloys by X-ray diffraction and metal- 
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Temperature — °C 


Ma ETIC 
TRANSITION 


At.% Cobalt 


Fig. 1—Constitution diagram for the cobalt-platinum 
system according to the results of Gebhardt and 
Koster,’ Newkirk, et al.‘ 


The cubic disordered phase is designated ycp while the 
tetragonal phase is yo. 


lographic examination and to study the kinetics by 
observing the changes in various physical charac- 
teristics as initially disordered specimens were aged 
isothermally for various periods of time at tempera- 
tures between 400° and 800°C. The properties 
studied included electrical resistance, hardness, and 
magnetic hysteresis. The only prior study of this 
sort? was not very extensive and resulted in several 
erroneous conclusions. A strong similarity between 
this reaction and the process of precipitation from 
solid solution has become apparent on the basis of 
this investigation. Thus, a correlation with the 
sequence of stages that has been proposed as general 
for the precipitation alloys is used here as a guide in 
interpreting the observed effects. 


Preparation of Specimens 


Three 150-g alloys were made, containing about 
42, 48, and 54 atomic pct Co, respectively. The 
exact analyses of the ingots after homogenization 
were 41.62, 47.64, and 53.80 atomic pct (17.71, 21.61, 
and 26.01 wt pct) Co. Platinum of higher than 99.5 
pet purity was mixed with rondel cobalt, reported 
to be 99.9 pct pure, and melted by high frequency 
induction under an atmosphere of nitrogen in a 
crucible lined with magnesium oxide. The melt was 
allowed to freeze in the crucible. The resulting in- 
gots were about 3 in. long by % in. in diam. After 
homogenizing in hydrogen for 100 hr at 1275°C, the 
alloys were hot swaged to 4 in. in diam. Several 
magnetic specimens 1 cm long and about 20 thin 
discs for hardness tests and microscopic studies 
were cut from each rod. A 1-in. length of the 48 
and 54 pct Co rod was then hot swaged and cold 
drawn to wire 0.020 in. in diam for use as X-ray 
and electrical resistance specimens. At first, the 
42 pct Co alloy could not be drawn into wire but 


by careful handling one piece was hot rolled into a. 


0.015 in. thick strip. Slivers were sheared from 
this strip for Debye-Scherrer specimens and see 
cal resistance measurements. 


All specimens were initially disordered by hold- 
ing several hours at 900° to 1000°C while sealed in 
a quartz vial containing argon at low pressure. The 
disordered state was retained by quenching the vial 
into water and breaking it. Samples to be given an 
isothermal aging treatment were then individually 
sealed in small quartz or pyrex vials containing 
argon. 


X-ray Studies: Debye-Scherrer Method 


One of the most useful tools for studying the 
mechanism of ordering is X-ray diffraction analysis. 
A series of experiments was designed to show the 
manner in which Debye-Scherrer diffraction pat- 
terns change as the random face-centered cubic 
lattice transforms isothermally into the ordered 
face-centered tetragonal lattice. While the equilib- 
rium degree of order is a function of temperature 
the degree of transformation is a function of both 
temperature and time. Two distinctly different se- 
quences of diffraction patterns have been found. In 
the one sequence, which occurs most frequently at 
low aging temperatures, the tetragonality lines for 
the ordered phase appear in their final positions and 
become stronger at the expense of the original cubic 
lines. The change is “discontinuous,” analogous to 
its counterpart in precipitation.” The other sequence, 
which occurs most frequently at high aging tem- 
peratures, is characterized by the gradual broaden- 
ing of most of the cubic lines and the final resolu- 


Fig. 2—Debye-Scherrer patterns illustrating discon- 

tinuous (a to c) and continuous (d to f) sequences. 
Filtered cobalt radiation. 

Aged 7 hr at 500°C, unetched 


Aged 13 hr at 500°C, unetched >48 atomic pct Co 
Aged 25 hr at 500°C, unetched 


Aged 3 min at 700°C, etched 
Aged 24 min at 700°C, etched +42 atomic pct Co 
Aged 1 hr at 700°C, etched 


ee oO SA 


311 
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tion of the broadened bands into sharp tetragonality 
lines. The change in position of the lines is gradual 
and this will be referred to as the “continuous” type. 
Typical patterns illustrating the two sequences are 
shown in fig. 2. The distinguishing features of the 
two types of pattern sequences are best seen by fol- 
lowing the changes of the {311} face-centered cubic 
line as aging proceeds. Other cubic lines, which 
double on ordering, show similar changes but not 
so clearly as does the {311} series. In the discon- 
tinuous sequence, fig. 2a, b, and c, the {311}.u:. line 
decreases in intensity but remains relatively sharp, 
While Aner (iS) tcussonat and (311 )iiccemr dines in- 
crease in intensity beside it, remaining sharp them- 
selves during this period. On the other hand, in the 
continuous sequence, fig. 2d, e, and f, the {311}. un. 
line at first becomes diffuse and then spreads into 
a band which ultimately resolves itself into the two 
{311} tetragonar lines. In both sequences the final struc- 
ture is the same—fully transformed—although 
more than 1000 hr is required to attain this at 500°C 
in the 42 atomic pct Co alloy. 

It was noticed that the interior of drawn wires, 
exposed by etching off the original surface, followed 
the continuous sequence at somewhat lower tem- 
peratures than did the original unetched surface. 
This effect is shown in fig. 3. It is presumed that 
this is another consequence of the surface condition 
which was discussed elsewhere.* As soon as the 
surface effect was discovered all succeeding speci- 
mens were etched after heat treatment. 

The descriptions of the X-ray patterns are sum- 
marized in table I. For convenience in tabulating 
and discussing the patterns a code was adopted. 
This is presented at the bottom of the table. The 
data clearly illustrate the two types of sequences; 
the discontinuous type being characteristic of speci- 
mens which were aged at the lower temperatures 
and of the fine-grained surface of the wire, and the 
continuous type being characteristic of higher tem- 
peratures and the coarse-grained metal below the 
surface. As with other phase transformations in 
metals, the rate rapidly increases with temperature 
so that a comparable degree of transformation is at- 
tained in much less time at the higher temperatures. 
In addition, the fine-grained surface of the speci- 
mens becomes ordered much faster than the interior, 
although resolution of the doublet lines is achieved 
sooner in the interior. The interpretation of the 
patterns will be discussed later. It will suffice to say 


Fig. 3—Debye-Scherrer patterns illustrating dif- 

ferent sequences for surface and interior of drawn 

wire of 48 atomic pct Co alloy quenched from 
1000°C. Filtered cobalt radiation. 


a (upper). Discontinuous type. Aged 1 hr at 600°C, unetched 
b (lower). Continuous type. Aged 4 hr at 600°C, etched. 
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Table I. Summary of Debye-Scherrer Photographs 
Made In Study of Mechanism of Transformation* 


Aging Aging 
Temperature, Time, 
°C Hr 


42 Atomic Pct Cobalt Alloy (All Specimens Etched): 


500 Yo 2Ya2 8 25 96 400 1,000 
eee gems — Ch SC’ aay? 


600 Ya i 6 28 64 256 315 
A B B Cc D EE F 


650 for 54 hr, F 


700 0.05 O11 02 04 1.0 2 36 
B B Cc Cc D £E F 

48 Atomic Pct Cobalt Alloy: 

400 120 408 936 
Unetched Ee eee Oe aoe! 8 4 
Etched B 

440 4 6 8 16 48 72 108 195 396 432 768 
Unetched A A A Bia (CY ‘Di De io ee De 
Etched B B B B 

500 ak 3 4 Tor Sse 96 402 
Unetched A A CO COR Ca a4 E 
Etched B 1D Anan Bd 

600 0.05 Ye 1 4 25 96 236 251 7921,000 
Unetched Di Dy E E E 
Etched B B Clap E E E F F 


650 etched 54 hr, F 


700 0.1 V4 Ye deO20 1230 
Unetched Cc D E E E 
Etched Cc E E F 


54 Atomic Pct Cobalt Alloy: 


500 1 4 18 48 100 240 527 
Unetched B D’ £E 
Etched B B B B 
600 0.1 YE 2 So 7o2- 128 
Unetched D 
Etched B B c D E E 


650 etched 54 hr, F. 


700 0.1 1 4 96 256 
Unetched B E E 
Etched Boy er 


* The patterns are described by the following code: 


Discontinuous Sequence (Split Lines): 


A —Single face-centered cubic pattern; sharp lines. Disordered. 

B’ — Sharp face-centered cubic lines plus weak diffuse super- 
lattice lines. 

C’—Sharp face-centered cubic lines plus weak face-centered 
tetragonal lines and diffuse superlattice lines. 

D’ —Sharp face-centered cubic lines plus sharp face-centered 
tetragonal and superlattice lines. 

E — Face-centered tetragonal and superlattice lines only; unre- 
solved doublets. Strained ordered. 

F —Face-centered tetragonal and superlattice lines only; re- 
solved doublets. Strain-free ordered. 


Continuous Sequence (Banded Lines): 


A —Single face centered cubic pattern; sharp lines. Disordered. 

B —Sharp face-centered cubic lines, some developing diffuse 
side-bands; weak diffuse superlattice lines. 

C —Diffuse face-centered cubic lines, some spread into bands; 
diffuse superlattice lines. 

D —Diffuse face-centered tetragonal and diffuse superlattice 
lines only. 

E — Face-centered tetragonal and superlattice lines only; unre- 
solved doublets. Strained ordered. e 

F —Face-centered tetragonal and superlattice lines only; re- 
solved doublets. Strain-free ordered. 


here that they are consistent with the notion that 
ordering occurs by nucleation and growth of parti- 
cles of the ordered phase at the expense of the dis- 
ordered matrix. 


Diffuse Diffraction Effects 


Unusual diffraction effects were found when a 
partially ordered coarse-grained wire was exposed, 
without rotation, to characteristic cobalt radiation 
in the Debye-Scherrer camera. Such diffuse diffrac- 
tion effects were not found for disordered or highly 
ordered specimens. A systematic study of this dif- 
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fuse scattering was made using a single crystal of 
CoPt (49.6 atomic pct Co) which was isothermally 
aged to an early stage of the ordering reaction (12 
min at 600°C) and then quenched. A detailed de- 
scription of the technique used and the diffraction 
effects observed in this study are to be presented in 
another paper. Only the interpretation of the effects 
as they pertain to this investigation are given here. 
The method, which has been used as a tool in pre- 
vious investigations of the mechanism of aging, in- 
volves the analysis of several series of Laue-type 
patterns, similar to those in fig. 4, from which the 
reciprocal lattice of the partially ordered crystal 
may be built up.® It was found that the reciprocal 
Za 
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Fig. 5—Reciprocal lattice plot of data from several 
series of patterns of the type shown in fig, 4. 

(101) is plane of Co Pt reciprocal lattice. 

- --- indicates observed rods at 30° to the plane. 


0 indicates observed rods perpendicular to the plane. 
For clarity rods are twice actual length. 
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- patterns of 
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lattice exhibited a number of <110> rods extending 
through the normal reciprocal lattice points for a 
face-centered cubic crystal. A projection view of 
the (101) plane of the reciprocal lattice is given in 
fig. 5. At each reciprocal lattice point the number 
of <110> rods is less than the total number of 
possible directions in this family but is the same for 
equivalent points. Also the configuration of ob- 
served rods at equivalent points is symmetrical with 
respect to the origin. The lengths of the rods at dif- 
ferent points are not the same, the longest ones be- 
ing those which are farthest from the origin of the 
reciprocal lattice. Although special steps were 
taken to detect diffraction streaks extending into 
the direct beam spot, none were found. In one series 
of photographs, definite evidence of a different type 
of rod extending in the (100) direction was visible. 

The prominent effects can be explained by assum- 
ing that the crystal contained internal lattice strains 
in <110> directions caused by platelets of the tet- 
ragonal phase which are lying on, and are coherent 
with, {110} planes of the cubic matrix. This state of 
strain lowers the periodicity of the matrix lattice in 
the <110> directions and thereby results in a cor- 
responding relaxation of the conditions for Bragg 
reflection. The above explanation is in accord with 
the previously drawn conclusion that coherency on 
{110} matrix planes is most probable on the basis of 
least strain.* It is also in agreement with the micro- 
scopic evidence of fig. 6c which shows a Widman- 
statten pattern of plate-like particles parallel to 
{110} matrix planes analyzed previously. 
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Since the presence of ordered platelets lowers the tions. The intensity of the other rods will depend 
periodicity of the matrix not only in the <110> upon the atomic density of the reflecting planes and 
direction but also (to a lesser extent) in others, one the angle which the platelets make with them. This 


may expect to find less intense rods in other direc- would account for the evidence of a [100] rod 
through the (020) point, since in that direction the 
Table Il. Summary of Microstructure and X-ray interplaner distance of the ordered lattice is much 
Patterns of Specimens Used for Hardness Tests different from that of the disordered. In the <111> 
directions the change in interatomic distance is 
Aging Recrys- Crystal negligible and therefore no <111> rods would be 
Tempera- Time, Stria- talliza- Struc- expected 
ture, °C Hr tions tion ture : ; 
Microstructure 
48 Atomic Pct Cobalt Several interesting features were observed in the 
As quenched one De microstructure as the alloys were’ ordered iso- 
400 96 senor ae thermally starting from the disordered state. These. 
ae s could be rationalized on the basis of the sequence 
18% atte aed = that has been proposed as general for the precipita- 
48 faint started j a i i 
San ne eee tion alloys. Specimens of the 48 and 54 atomic pct 
1,000 faint advanced O+slight D Co alloys, which had previously been used for the 
600 0.4 none honk hardness surveys, were used. X-ray patterns were 
me ree Sheeley o also made for a few of the specimens and the results 
308 prominent advanced fe) of these are incorporated in table II. In the as- 
pe ty center ya ened Bees quenched disordered condition, the microstructure 
‘700 ae mee oe consisted only of equiaxed, twinned grains typical 
y 48 moderate started of many single-phase, face-centered cubic alloys. 
308 moderate none : ° i 
1,000 promiaent Bed G The changes in microstructure which accompany the 
aia irae isothermal ordering of these as-quenched alloys can 
Ree ee Oe be classified according to four prominent features. 
As quenched none mone These are discussed in chronological order according 
400 96 none none to their appearance in the precipitation reaction. 
500 4 eee LE Localized Ordering: Preferential formation of 
mie moe Soe, particles (presumably ordered) along grain bound- 
* 240 faint started aries and slip bands, as in fig. 6a, was observed in a 
me £800 2a Eeages SS few instances, particularly at very high aging tem- 
600 0.4 faint none D+slight O peratures where the ratio of rate of nucleation to 
48 moderate started? (@) F 
96 faint started? rate of growth is low. The Debye-Scherrer photo- 
308 moderate started : . : 
1,000 ae otiinent eer xs graph of this sample showed strong disorder lines 
i es mee plus weak order lines. This preferential nucleation 
z startea?: és 
tae 48 rederate none é effect was probably responsible for the greater 
308 moderate started . : : a 
aoe eoeieat Seas es number of particles along certain lines of the Wid 


manstatten pattern of fig. 6c. In that micrograph 


Fig. 6—Microstructures appearing dur- 
-— ing the ordering of the 54 atomic pct 
Co alloy quenched from 1000°C. Etch: 
aqua regia. 
: hr at 723°C. K250. 
Foor seni), Aged 48 br at 600°C, X1500. 


c (lower left). Aged 50 hr at 728°C. X1500. 
d (lower right). Aged 50 hr at 728°C. X1500. 


Area reduced approximately 66 pct 
for reproduction. 
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the trace of one of the lines of preferred nucleation 
is parallel to a twin boundary, both in the parent 
grain and within the twin, indicating that the pre- 
ferred sites are on the conventional (111) slip (and 
twinning) planes. 

General Ordering: At low aging temperatures the 
general nucleation and growth of the ordered par- 
ticles appears as an unresolved mottling (fig. 6b) 
or is obliterated by gross features of the microstruc- 
ture as in fig. 7c. Debye-Scherrer photographs of 
these specimens (table II). show that at this stage 
of aging the structure is practically all ordered. At 
higher aging temperatures the gross features are 
suppressed and the Widmanstatten pattern becomes 
recognizable as in fig. 6c. Consideration of the num- 
ber of traces and their directions relative to the 
twin boundary shows that this Widmanstatten figure 
is due to the presence of ordered plate-like particles 
lying on {110} matrix planes.‘ 

Self Deformation: The twin markings, striations 
or “ripples” of fig. 6d were evident in the micro- 
structure of specimens after many conditions of 
aging, particularly at the higher aging temperatures 
(table II). A similar structure is also found in 
ordered CuAu, in which case the striations are 
known to be less prominent in alloys further from 
the ideal composition. The most prominent example 
among precipitation alloys occurs in the Cu-Be sys- 
tem.* These striations are considered in our work 
to be manifestations of stresses which accompany 
the formation of the coherent ordered phase. Part 
of the strain energy is removed by this self-defor- 
mation process of twinning. A stereographic analysis 
of the directions of the strain markings shows that 
the traces are due to the intersection of {111} planes 
with the surface of polish. Debye-Scherrer examina- 
tion shows that samples containing the striation 
type of microstructure may have ordered and dis- 
ordered phases together or may have no detectable 
amount of disordered phase (table II). Micro- 
structures showing striated structure as in fig. 6d 


Fig. 7—Microstructures appearing dur- 

ing the ordering of the 48 atomic pct 

Co alloy quenched from 1000°C. Etch: 
aqua regia. X250. 


a (upper left). Aged 48 hr at 500°C. 

b (upper right). Aged 240 hr at 500°C. 

c (lower left). Aged 1000 hr at 600°C. 

d (lower right): Aged 48 hr at 700°C; 
etch: NaCN electrolytic. 


Area reduced approximately 66 pct 
for reproduction. 


have been reported for ordered CuAu,” * FePt,” 
CoPt,’ and Ni,W.” 

Recrystallization: An alternate method for the 
removal of strains that occur during the ordering 
process consists of a secondary reaction in which 
new grains recrystallize from the parent grains. 
This occurs predominantly at grain boundaries, figs. 
7a and 7b. The new grains have a different orienta- 
tion from the old as revealed by a difference in 
appearance of etch pits and the presence of Debye- 
Scherrer arcs in Laue photographs of specimens 
which were known to be single crystals before aging. 
The new grains often grow with wavy irregular 
boundaries into one grain and occlude areas that 
are presumably twins of the new grain, i.e., thermal 
twins (fig. 7b). The recrystallized grains are de- 


Fig. 8—Change in electrical resistance of 42 atomic 
pet Co alloy during ordering at 500°C. 


a. Measurements made at 500°C. 
b. Measurements made on quenched specimens at 0°C. 


% CHANGE 
RESISTANCE 


; 42 At.% Co 
Resistance Measured at 500 C 


PER CENT CHANGE IN O°C RESISTANCE 


AGING TIME, HOURS 


1254—JOURNAL OF METALS, OCTOBER 1950, TRANSACTIONS AIME, VOL. 188 


tectable rather early in the ordering process (48 hr, 
500°C), when the deformation markings are only 
faintly visible. They continue to grow long after 
the structure has reached a high degree of order. 
Debye-Scherrer pictures show that the lattice can 
be either all ordered (fig. 7c) or mixed, ordered 
plus disordered (fig. 7a), after the recrystallization 
reaction has started. The recrystallization reaction 
1s More prominent at the lower aging temperatures 
(fig. 7b); it is less pronounced at intermediate tem- 
peratures (fig. 7c) and is largely replaced by the 
self-deformation process (fig. 7d) as the mechanism 
of strain removal at higher temperatures. The re- 
crystallization reaction is slower in the 54 atomic 
pet Co alloy than in the 48 atomic pet Co alloy. 


Electrical Resistance Measurements 


The changes in electrical resistance during the 
isothermal aging of initially disordered specimens 
were somewhat unexpected. Originally the meas- 
urements were made on the specimens held at the 
aging temperature; however, here the only change 
during ordering was a slight increase as shown by 
the upper curves in figs. 8a to 10a.* This, of course, is 


- The aging curve for the 54 atomic pct Co alloy in fig. 10a can 
eee considered as a control run since at 800°C this alloy does not 
order. 


contrary to classical theory, although it is in agree- 
ment with the equilibrium studies which show that 
the ordered phase has a higher resistance than the 
disordered phase, when this property was measured 
at high temperatures... When the specimens are 
cooled to 100°C or less for making the resistance 
measurements after the aging treatment, the data 
provide the conventional reaction curves shown in 
figs. 8b to 106. While the data are not complete, 
they suggest that the 48 atomic pct Co alloy (the 
composition closest to the 50:50 ratio) orders the 
fastest of the three alloys. The curves in fig. 9b 
show that the rate of reaction increases with tem- 
perature in the usual manner for a diffusion-de- 


Fig. 9—Change in electrical resistance of 48 atomic 
pet Co alloy during ordering at 500°, 600°, 700°, 
5 800°C. 


a. Measurements made at 605° and 805°C. 
b. Measurements made on quenched specimens at 0°C. 
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Fig. 10—Change in electrical resistance of 54 atomic 
pet Co alloy during ordering at 500° and 600°C. 


a. Measurements made at 605° and 805°C. 
b. Measurements made on quenched samples at 0°C. 


pendent transformation. In addition these curves 
show that the final equilibrium value of the re- 
sistance is lower at the lower aging temperatures 
and thus the degree of order is greater, which is in 
agreement with theory. 

The influence of measuring temperature on the 
electrical resistance of an alloy aging at 600°C is 
clearly shown in fig. 11. These data were obtained 
by aging the sample at 600°C, water quenching 
after various intervals (e.g. 30 min, 60 min, etc.) 
and measuring the resistance at 0°, 100°, 200°, 300°, 
and 400°C. After these series of measurements, 
the sample was given additional aging at 600°C and 
the sequence repeated. The curves for 600° and 
400° exhibit little change as the specimen is ordered 
at 600°. A slight decrease occurs during ordering 
in the measurements at 300°C, while at lower tem- 
peratures the decrease becomes more pronounced. 
Obviously, the main effect of ordering at 600°C is 
on the thermal coefficient of resistivity. 


Hardness Measurements 


The changes in hardness that accompany ordering 
in the three alloys are illustrated by fig. 12. Each 
point is an average for at least three indentations, 
and two or three specimens were used for different 
aging times at each temperature. The occasional 
seatter in the data, ie., that for the 700° aging in 
fig. 12a, is due to an unidentified difference in speci- 
mens. Regardless, the similarity to aging curves 
for precipitation is clear. In general, the rate of 
hardening increases with aging temperature, while 
the maximum attainable hardness decreases with 
increasing temperature. The alloys over-age, that 
is, the hardness decreases again after the maximum 
is reached. Greater maximum hardness is reached 
by alloys nearer to the ideal 50 atomic pct composi- 
tion in agreement with less complete results of other 


investigators.” 
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The curve for aging at 800°C in fig. 12b is un- 
usual. This temperature is only 15° to 20° below 
the temperature at which the ordered phase is un- 
stable, yet pronounced age-hardening occurs. Such 
would not occur for a precipitation alloy, since the 
amount of transformation product would be negligi- 
ble at this low degree of undercooling. The inherent 
difference is probably that the potential amount of 
decomposition product in the ordering reaction is 
100 pct of the initial phase. 


Magnetic Properties 


The magnetic tests were made with cylindrical 
specimens, %4 in. in diam by 1 cm in length, which 
were tested in an Isthmus electromagnet at a maxi- 
mum magnetizing field strength of 10,000 to 16,000 
oersteds. The values of residual induction (B,), 
coercive force (H,), and maximum energy product 
(BH,,.x) for the three alloys investigated are plotted 
in figs. 13 to 15. During ordering the residual in- 
duction of the disordered alloy decreases at a rate 
that depends on aging temperature. This property 
changes in the same direction as the induction at 
saturation which has been found to be less for 
ordered Co-Pt alloys than that for the disordered 
alloys.” Ordering results in a decrease in the degree 
of ferromagnetism, and this is manifested in a regu- 
lar decrease in residual induction analogous to 
electrical resistance. On the other hand, the co- 
ercive force and the related energy product increase 
to a maximum during ordering and then diminish. 
Coercive force is the resistance to demagnetization 
and can be considered as a magnetic hardness 
analogous to mechanical hardness which is the re- 
sistance to indentation. In regard to these alloys 
the coercive force decreases after the maximum 
more prominently than does mechanical hardness. 
The temperature dependence of the rate of change 
of the magnetic properties follows exactly that of 
the other properties described previously. The 


< 
Fig. 11—Change in electrical resistance of 48 atomic 
pet Co alloy during ordering at 600°C. 


The specimen was aged at 600°C, water quenched and resist- 
ance meaatired at 0°, 100°, 200°, 300°, and 400°C before addi- 
tional aging at 600°C. 


< 
properties on aging at 600°C are generally higher 
than those for 700°C, the low magnitudes of the 
maxima for 500°C (fig. 14) were unexpected. The 
48 atomic pct Co alloy exhibited the highest co- 
ercive force and energy product while the 54 atomic 
pet Co alloy had the highest residual induction in 
the disordered condition. 


Discussion of Results 


In view of the data presented above, a mechanism 
is proposed by which an initially disordered speci- 
men of Co-Pt becomes ordered during isothermal 
aging. The question of whether or not the mechanism 
offered here is general for other ordering reactions 
probably should wait until many other systems have 
been closely studied. On the other hand, it has been 
possible to rationalize the data for many precipita- 
tion alloys on the basis of one carefully studied 
system, Al-Ag.” It is emphasized that secondary 
reactions, such as self-deformation and recrystalliza- 
tion which persist after full order is attained, may 
obscure effects of the primary ordering reaction and 
therefore lead to erroneous conclusions, if they are 
not preperly interpreted. Some of these effects are 
now known to depend strongly upon the reaction 
temperature. The high temperatures at which Co-Pt 
alloys will order makes the system particularly suit- 
able for studying the mechanism of the reaction at 
various temperatures. Since the effects found at low 
temperature aging closely parallel those already re- 
ported by many investigators for the classical Cu- 
Au alloys, it is thought that the ordering reaction 
in the Co-Pt system is basically the same as that 
occurring in the Cu-Au system, except that a higher 
maximum ordering temperature is possible. The 
Co-Pt system then offers more advantages than the 
Cu-Au system for fundamental studies of the pri- 
mary ordering reaction, since secondary reactions 
may be suppressed by using a high reaction tem- 
perature. 

The experimental effects described above for the 
isothermal ordering of Co-Pt alloys may be ex- 
plained in terms of the four distinct processes sug- 
gested by microstructure studies, namely, (1) local- 
ized ordering, (2) general ordering, (3) self de- 
formation, and (4) recrystallization. 

Localized Ordering: If the ratio of the rate of 
nucleation to rate of growth is low, one would ex- 
pect that the first nuclei of the ordered lattice will 
appear and grow at imperfections in the disordered 
parent lattice. Thus, if the rate of general nucleation 
of ordered particles throughout the matrix crystal 
is suppressed by allowing the reaction to proceed at 
a high temperature, one might expect to find pref- 
erential formation of particles along slip lines and 
grain boundaries as in fig. 6a. The phenomenon was 
haa aes) out by aging in the two-phase field 

far (xe) 

General Ordering: At lower aging temperatures 
one expects the nucleation rate of ordered particles 
throughout the grain to be much higher and to cause 
a large percentage of the alloy to assume the 
ordered structure, though dispersed in very small 
individual particles. This condition would generate 
large lattice strains due to the {110} coherency, 
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which exists between the ordered regions and the 
matrix surrounding them, and would account for 
the increase in values of the strain-dependent physi- 
cal properties. It would also account for the general 
dark and mottled etching effect so commonly found 
in these alloys after most aging treatments. 

It is important to recognize a fundamental dif- 
ference between this stage of the ordering process 
and its analog, general precipitation. In the case of 
precipitation the particles of the second phase which 
separate from the matrix will ultimately have a 
different composition, as required by the constitu- 
tion diagram, from that of the parent alloy. With 
ordering alloys, however, all the matrix becomes 
ordered in time. The alloy passes through a two- 
phase stage, in which regions of the ordered phase 
nucleate and grow until they impinge, leaving finally 
a single phase again, which is composed of domains 
of long range order. Although in “off-composition” 
alloys there may be some tendency for coring as the 
ordered particles grow, one would expect it to be 
very slight since even at annealing temperatures 
within the two-phase region, where plenty of time 
was allowed for segregation, no significant change 
of composition of the two-phases was detectable. In 
the Ni-Pt system, however, marked segregation ap- 
parently does occur on annealing within the two- 
phase region.“ 

The continuous sequence of Debye-Scherrer pat- 
terns given in figs. 2d to f and 3b may be interpreted 
by assuming that the ordered lattice, forming in the 
disordered matrix, is restrained from assuming its 
normal tetragonal dimensions by virtue of its co- 
herency with the cubic matrix. Thus the face- 
centered cubic diffraction lines spread into bands 
as the matrix lattice is strained, and then, as the 
tetragonal lattice grows into predominance, the 
bands resolve into recognizable pairs which ulti- 
mately sharpen into the final ordered pattern. At 
no time are any diffraction lines visible other than 
ones ranging from those of the initial face-centered 


cubic lines to those of the final tetragonality lines.° 


Furthermore it is observed that at no time in the 
sequence do the diffuse bands extend beyond the 
final position of the tetragonality lines. These facts 
indicate that, while coherency is preserved, the c/a 
ratios of the lattice cells range from a value of one 
in the unstrained cubic matrix, to their final value 
less than one in the unstrained tetragonal structure. 
It is not possible to decide whether this range ob- 
tains within a single ordered particle or represents 


-a distribution for various particles in a partially 


transformed matrix grain. Assuming the former, it 


_might be argued that this transition lattice between 


ordered and disordered regions is not under strain 
because the degree of order within it may be such 
as to require the cell shape which already exists. 


‘Such rigorous correspondence of the degree of order 


with the tetragonality of the lattice joining ordered 
and disordered regions does not seem probable, how- 
ever, since the strain-dependent properties reach a 
maximum at aging times which give a large amount 
of the transition lattice as judged by Debye-Scherrer 


effects. ; 
Self Deformation: The transition from the cubic 


Fig. 12—Change in hardness of three alloys during 
ordering at various temperatures. 
a. For the 42 atomic pct Co alloy. 


b. For the 48 atomic pct Co alloy. 
ec. For the 54 atomic pct Co alloy. 


— 


to the tetragonal pattern is very gradual, when the 
transformation occurs above 600°C. This indicates 
that the volume of strained metal having neither 
the initial cubic cell nor the final unstrained tetrago- 
nal cell remains relatively large during the trans- 
formation. The ordering strains then must be dis- 
tributed over long distances. Apparently the self- 
deformation process consists of the relief of these 
long range strains by twinning and is accomplished 
by the movement of relatively large blocks of metal. 
Short-range coherency strains, giving rise to high 
coercive force, can still prevail within the blocks 
themselves. ; 
The process of self-deformation limits the strain 
which the ordered and disordered lattices can suffer 
and therefore limits the hardness which can be de- 
veloped by ordering. On the other hand, it also re- 
lieves stresses which would otherwise build up to 
a point where total recrystallization, with its attend- 
ing large decrease in physical properties, would 
occur, as happens at lower aging temperatures. It 
may be that this self-deformation process is general 
for all ordering reactions of this type, since the 
striated microstructure is a frequent characteristic 
of so many ordering systems. Possibly the striated 
microstructures that have been found for other 
transformations such as the allotropic transforma- 
tion in cobalt*” and the eutectoid decomposition of 
Cu-Si alloys” are also of this nature rather than a 
true Widmanstatten pattern of one phase in a ma- 
trix of a second phase. 
Recrystallization: The recrystallization process is 
also induced by the ordering stresses. It is most evi- 
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Fig. 13—Change in magnetic prop- 

erties of 42 atomic pct Co alloy 

during ordering at various tem- 
peratures. 


dent at lower aging temperatures, where thermal 
recovery is not effective and where stresses required 
for slip and twinning are high, but can also occur 
at moderately high temperatures in conjunction with 
the twinning process as indicated by fig. 7c. It was 
stated above that the recrystallized grains, whose 
orientations are different from the parent, are ob- 
served to start predominantly at grain boundaries 
and grow slowly into the body of the grain. Most 
likely the newly recrystallized material has the 
equilibrium structure for the aging temperature 
analogous to the equilibrium composition of the 
matrix in discontinuous precipitation. Evidence for 
this is given by the discontinuous sequence of Debye- 
Scherrer photographs (fig. 2a to c) in which the 
face-centered cubic pattern grows weaker and the 
ordered face-centered tetragonal pattern grows 
stronger with aging time. In this sequence the main 
lattice lines of both patterns remain fairly sharp at 
all times while the tetragonality lines gain in pre- 
dominance. From this it must be concluded that the 
matrix lattice planes remain relatively unstrained 
throughout the process. To explain this, one may 
assume that at low aging temperatures the general 
ordering reaction does not proceed to any great ex- 
tent before recrystallization starts. At crystal im- 
perfections and grain boundaries however, where 
the movement of atoms requires less energy, order- 
ing is able to progress faster, giving rise to high 
lattice strains and inducing local recrystallization 
which spreads through the body of the crystal. This 
might explain the low peak in the magnetic hard- 
ness curve for aging at 500°C (fig. 14). 

The recrystallization reaction is not wholly con- 
fined to temperatures. where the general ordering is 
sluggish. It was pointed out earlier that recrystal- 
lized grains were also found in highly ordered alloys 
which were aged at 600°C. In these specimens the 


Fig. 14—Change in magnetic prop- 

erties of 48 atomic pct Co alloy 

during ordering at various tem- 
peratures. 
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Fig. 15—Change in magnetic prop- 

erties of 54 atomic pct Co alloy 

during ordering at various tem- 
peratures. 


microstructure contained not only the recrystallized 
grains but also the striations characteristic of higher 
aging temperatures, indicating that twinning had 
occurred. Here the recrystallization reaction must 
have cooperated with the other processes to relieve 
the ordering stresses. In this case one would expect 
the sharp but faint tetragonality diffraction lines of 
the recrystallized metal to be superimposed on the 
diffuse bands of the partially ordered metal and 
thereby escape detection. 

Evidence for recrystallization as a result of order- 
ing strains appears occasionally in the metallurgical 
literature although it is often not interpreted as 
such. For example, Samans™ reports the formation 
of a “new phase” which appeared at grain boun- 
daries during the aging of Cu-Ni-Mn alloys and 
which disappeared again on long annealing. He was 
not able to detect this ‘phase’? by Debye-Scherrer 
methods nor to identify it by other means. A similar 
unidentified grain boundary constituent was ob- 
served by Averbach” in alloys of the same ternary 
system after they had been allowed to order. Dean” 
reports an unidentified grain boundary “precipitate” 
which he believes is responsible for the age harden- 
ing of Cu-Ni-Mn alloys. The “precipitate” appears 
on low temperature aging and gradually spreads 
throughout the grains as aging progresses. It was 
observed that the amount of grain boundary material 
formed at 450°C tends to decrease after aging for 
four weeks. The results of the present investigation 
and the clear descriptions given by the above named 
authors lead to the conclusion that the heretofore 
unidentified “grain boundary constituent” is the 
ordered phase which has recrystallized due to co- 
herency stresses. The disappearance is a result of 
the slow absorption of small grains by the larger 
ones, after the reaction stresses have been thermally 
relieved. 
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It has been proposed that the beta phase of Ni,W 
can form by two different mechanisms, viz. by a 
“phase change” at 950°C and, although in this peri- 
tectoid reaction the beta phase does not exist in the 
disordered condition, by an “ordering mechanism” at 
925°C.* The different sequences of Debye-Scherrer 
patterns observed for the two aging temperatures 
were similar to those given in fig. 2 of this report. 
It may be that the recrystallization temperature for 
the NiW alloy lies between 925° and 950°C, in 
which case the diffraction effects accompanying the 
formation of beta phase could be explained without 
assuming the different mechanisms of transforma- 
tion. 

Other features of the X-ray diffraction studies 
may be compared with previously reported results. 
Gebhardt and Koster,? also working with cobalt- 
platinum alloys, studied the changes of Debye- 
Scherrer patterns with aging temperature, but used 
one half-hour aging periods throughout the series. 
For that reason they missed the intermediate steps 
of the continuous sequence, in which single lines 
first broaden and then resolve into two. The trans- 
formation sequence that they observed was always 
discontinuous, consistent with their observation of 
a microstructure that has been identified here as 


- characteristic of recrystallization. The one half-hour 


aging period was not long enough to complete the 
transformation, for Gebhardt and Koster reported 
that the pattern of the disordered phase accom- 
panied that of the ordered after all treatments. The 
diffuse diffraction effects which were interpreted 
here as evidence for strained platelets of the ordered 
phase parallel to {110} planes of the disordered 
matrix have also been observed for Cu-Au alloys, 
but the geometry is different. Guinier and Griffoul”® 
analyzed a partially ordered crystal of Cu;Au on the 
basis of diffraction effects similar to those observed 
for Co-Pt. They interpreted their results in terms 
of coherent platelets of ordered regions about 150 A 
thick on {100} planes of the disordered matrix. Un- 
doubtedly, the habit plane depends upon crystal- 
lographic considerations of least strain as in pre- 
cipitation alloys. 

Having as a guide the four salient features of the 
ordering mechanism as proposed above, we may now 
briefly examine the physical properties of these Co- 
Pt alloys at various stages of aging as they relate to 
the suggested mechanism. 

The coercive force and mechanical hardness reach 
maximum values at about the same time, after which 


_ the coercive force drops sharply and the mechanical 


hardness diminishes slightly. The increase in these 


_-and other properties may be due to the lattice strain- 


ing which accompanies general ordering and has 
been found in many other systems which are highly 
strained by a solid phase transformation.” *” The 
marked differences in the rate at which these two 
properties rise and fall indicate that the fundamental 
causes which produce them are not the same, as 
might well be expected, since the one property is 
the resistance to demagnetization and the other the 
resistance to deformation.t At present, the reasons 
suggested for this difference in behavior can be only 
speculative. Perhaps the coercive force is dependent 
upon small particles and short distance coherency 
strains between ordered and disordered regions, 


The difference in behavior of influencing factors on these prop- 
Meee is well demonstrated by solid solution hardening. It is well 
known that the addition of an element in solid solution markedly 
increases the mechanical hardness, but it has no influence on co- 
ercive force.’ . 


whereas the mechanical hardness is dependent upon 
the longer range disregistry strains between the 
already ordered domains. This supposition is sup- 
ported by the observations that the coercive force 
reaches a maximum at a time when the amounts of 
ordered and disordered material are about equal, as 
indicated by the Debye-Scherrer surveys, and then 
declines steeply as the matrix is consumed by the 
particles of order. The behavior of the coercive force 
is very similar to the effect found by Jellinghaus’ in 
the FePd alloy. In that case the coercive force rose 
from a value of 2 oersteds, for the disordered state, 
to 260 after aging for 15 hr at 500°C, and then fell 
again with further aging to 150 oersteds. The me- 
chanical hardness, on the other hand, appears to rise 
steadily as the volume of ordered material increases 
and then fall off only slightly after the maximum is 
reached. The latter is characteristic of other order- 
hardening alloys such as AuCu,” CuPt,* CuPd,” 
Cu:Au,” and Ni,W.” It is believed that the loss of 
hardness is due directly to the recrystallization re- 
action and to thermal recovery from strain. 

The fact that higher peaks in magnetic and me- 
chanical hardness are reached at 600°C than at 700°C 
may be a consequence of the greater stress required 
for self-deformation at the lower temperature or, as 
in precipitation, it may be related to the larger num- 
ber of smaller particles at the lower temperature, 
consistent with nucleation theory. It is possible that 
if specimens had been aged at temperatures below 
600°C for long enough times to reach the maxima 
for these properties, even higher values would be 
attained. However, the stress-relieving recrystal- 
lization reaction is probably most rapid between 
500° and 600°C, where atomic mobility is appreci- 
able and reaction strains are not released to a great 
extent by the self-deformation process. The possi- 
bility exists, therefore, that softening due to re- 
crystallization will overtake the hardening due to 
the general ordering process between 500° and 600°C, 
so that at these ordering temperatures the maximum 
hardness will not reach that attained at higher tem- 
peratures. This is confirmed by the curves for co- 
ercive force and energy product of the 48 atomic pct 
Co alloy aged at 500°C. 

The decline of the residual magnetization of Co- 
Pt alloys as a function of time is a consequence of 
the loss of ferromagnetism which they are known to 
suffer on ordering’ and is directly associated with 
the effect of interatomic distance upon the exchange 
forces. It is less dependent on strain than is coercive 
force.‘ 

The dependence of the change in electrical resis- 
tivity on measuring temperature apparently is one of 
the little-known phenomena of the ordering reaction. 
The slight increase in resistance when measured at 
the ordering temperature was at first thought to be 
due to strains, since the magnitude is about the same 
as that which is associated with coherency harden- 
ing;’ however, the ordered phase at high tempera- 
tures is characterized by a higher resistance than the 
disordered phase.‘ Thus, the gradual increase is con- 
sistent with the theory that ordering occurs by the 
gradual nucleation and growth of ordered particles 
at the expense of the disordered matrix. Measure- 
ments made at low temperatures show the normal 
decrease in resistance as ordering proceeds. The fact 
that finite time is required for ordering even at the 
highest temperatures and that the disordered phase 
can be retained on quenching from about 850°C ex- 
clude the possibility that either the degree of order or 
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the degree of transformation is changed on quench- 
ing the specimens to lower temperatures for making 
the measurements. The atomic distribution is the 
same regardless of measuring temperature.* The only 


+ Long holding times at high measuring temperatures obviously 
must be avoided since they would permit the transformation to 
progress. 


conceivable difference is in the thermal vibrations 
of the atoms. While the mechanism is not yet clear, 
the resistivity apparently is independent of the kind 
of atoms on adjacent lattice sites when the atoms 
are all in a state of high thermal vibration, but when 
the motion is diminished the resistivity is controlled 
to a greater extent by the ordering of the lattice. 
The older theory would explain these observations 
entirely on the basis of the temperature dependence 
of the degree of order, but the present X-ray dif- 
fraction work has shown that a fairly high degree of 
order can be retained at high temperatures up into 
the two-phase region of the phase diagram. The 
aging curves in fig. 9 certainly show that long times 
are required to establish order at the lower tem- 
peratures. This reflects much doubt on the signifi- 
cance of low temperature portions of heating and 
cooling curves when finite rates are used, a subject 
to be covered in more detail in a future publication 
by one of the authors. 


Summary and Conclusions 


The mechanism and kinetics of ordering have been 
studied by means of X-ray diffraction, microscopic 
examination, and measurements of hardness, elec- 
trical resistance and magnetic properties of three 
alloys which were aged isothermally at temperatures 
between 400° and 800°C. 

At all reaction temperatures, ordering is a hetero- 
geneous reaction in which particles of the ordered 
phase nucleate and grow at the expense of the dis- 
ordered matrix. The particles are too small to re- 
solve microscopically when formed at the lower 
aging temperatures, but by using single-crystal 
X-ray techniques they are shown to be strained 
coherent platelets which are oriented parallel to 
{110} planes of the parent matrix. Localized order- 
ing at grain boundaries and slip lines was identified 
microscopically. Two secondary phenomena, self- 
deformation and recrystallization, accompany the 
general ordering reaction. These are alternate 
methods for removal of ordering strains, the former 
operating predominantly at high aging tempera- 
tures and the latter at lower temperatures. Their 
recognition solves some of the alleged anomalies in 
previously studied ordering alloys. They may also 
be identified in other reactions in metals and alloys. 
The self-deformation process in Co-Pt alloys is 
manifested by the appearance of striations that are 
parallel to {111} matrix planes analogous to twin- 
ning. The type of sequence in the change of the 
Debye-Scherrer X-ray pattern is related to the 
prominence of these reactions as a function of tem- 
perature. 

The changes in properties have been correlated 
with the structure. The initial increases in hardness 
and coercive force are attributed to the formation 
of a fine dispersion of strained particles of the co- 
herent ordered phase. Subsequent softening is at- 
tributed to removal of the strains either by thermal 
recovery, self-deformation, or recrystallization. The 
change in electrical resistivity depends not only on 
the degree of transformation and degree of. long 
range order as governed by aging time and tempera- 


ture but also on the temperature at which the 
measurements are made. Features of the mechanism 
and kinetics of ordering in Co-Pt are analogous to 
many of those of the precipitation process and it is 
proposed that the ordering reaction in other alloy 
systems be considered in terms of the same charac- 
teristic features found here. 
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Alloys of Titanium with Carbon, Oxygen, and Nitrogen 


by R. |. Jaffee, H. R. Ogden, and D. J. Maykuth 


gO THE past year, Jaffee and Campbell' and Finlay 
and Snyder* reported on the mechanical proper- 
ties of titanium-base alloys, some of which were in 
the same ranges of composition as are covered in 
this paper. In this paper, evidence confirming that 
given by Finlay and Snyder on the effects of carbon, 
oxygen, and nitrogen on titanium will be presented; 
and, in addition, new data will be given on the 
effects of these elements on the flow properties and 
phase transformation of titanium. 


Materials and Preparation of Alloys 


The preparation and general properties of iodide 
titanium have been adequately described else- 
where.” * As-deposited iodide titanium rod, prepared 
at Battelle, of Vickers hardness less than 90 was 
employed as the base metal in the present work. 
This was the same material as that used by Finlay 
and Snyder.’ The probable analysis reported by them 
for standard quality metal holds here also: N 0.005 
pet, O 0.01 pct, C 0.03 pct, Fe <0.04 pct, Al <0.05 
pet, Si <0.03 pct, and Ti 99.85 pct. Carbon was added 
in the form of flake graphite supplied by the Joseph 
~Dixon Crucible Co. Oxygen was added in the form 
of c.p. grade TiO, powder, produced by J. T. Baker 
Chemical Co. Nitrogen was added in Ti,N, powder, 
supplied by the Remington Arms Co. Individual 
ingots weighed 7 or 8 g. Carbon, oxygen, or nitrogen 
was added by placing the corresponding powder in 
a capsule made from as-deposited iodide titanium 
rods and melting the capsule with the balance of 
the charge. The charge was arc-melted with a tung- 
sten electrode on a water-cooled copper hearth 
under a partial vacuum of very pure argon (99.92 
pet minimum). 

Melting was practically contamination free. Vick- 
ers hardness increases of less than 10 points were 
normal for unalloyed iodide titanium control melts. 
Nitrogen analyses of arc-melted iodide titanium 
showed a nitrogen content of 0.005 pct, about the 
same as is present in the as-deposited rod. No tung- 
sten pickup was found in a melt of iodide titanium 
analyzed for tungsten. Weight losses in melting 
nitrogen-free alloys were very small and varied 
consistently from nil to 0.015 g (0 to 0.2 pct). This 
permitted the use of nominal composition for these 
alloys. Chemical analyses made for carbon, which can 
be analyzed conveniently by combustion methods, 
justified this procedure. Where nitrogen was added, 
considerable splattering took place. Here it was 
necessary to analyze for nitrogen by the Kjeldahl 
method. 
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The ingots were hot rolled at 850°C to about 0.045 
in. thick. After hot rolling, the strips were descaled 
by mechanical grinding, and then given a cold re- 
duction of 5 to 10 pct to insure a uniform thickness 
throughout the length of the specimen. The edge 
strips and the tensile strips were annealed in a 
vacuum of 1x10* mm Hg pressure for 3% hr at 
850°C and furnace cooled. 


Methods of Investigation 


Hardness Measurements: At least five Vickers 
hardness measurements were taken using a 10-kg 
load on each sample in the following conditions: (1) 
top and bottom of each ingot, (2) top and bottom 
surface of as-rolled and annealed sheet, and (3) on 
cross-section of annealed sheet and all quenched 
specimens. 

Tensile Tests: Tensile tests were conducted on 
Baldwin-Southwark testing machines having load 
ranges of 600 or 2000 lb. Tests were made on 1-in. 
gauge-length specimens, 344-in. overall length, % 
in. wide, 0.040 in. thick, with a reduced section 144 
in. long and 0.250 in. wide. Two SR-4, A-7 strain 
gauges, one mounted on each side of the specimen, 
were used to measure the strain over a limited range 
to determine the modulus of elasticity. After the 
modulus of elasticity readings had been taken, load 
vs. strain readings were taken, using only one strain 
gauge, at increments of 0.0001 in. until the yield 
points were passed and then at 0.001-in. increments 
to the limit of the strain-gauge indicator (0.02 in.). 
Strain readings above 0.02 in. per in. were taken 
every 0.01 in., using dividers to measure the strain 
between the 1-in. gauge marks until the maximum 
load had been reached. Crosshead speed, when using 
the SR-4 gauges, was 0.005 in. per min, and, when 
using dividers, 0.01 in. per min. 

Flow Curves: Flow curves were determined using 
the true stress-true strain data obtained during the 
tension test. The usefulness of this type of informa- 
tion has been dealt with very adequately elsewhere 
by L. R. Jackson,’ J. H. Hollomon,’ and many others. 
Flow curves of true stress vs. true strain could be 
converted to the more conventional cold-work curve 
of 0.2 pct offset yield strength vs. percentage of 
cold reduction by means of the transformation, 
= = — , where R is the fraction reduction in cold 
working. Thus, the true strains corresponding to 
percentage reduction can be calculated, and the 0.2 
pet offset yield strengths scaled off the o—é curve by 
taking the true stresses corresponding to the values 
of § + 0.002 strain. 

Heat Treatment: For the transformation studies, 
the alloys were heat treated in a horizontal-tube 
furnace using a dried 99.92 pct argon atmosphere, 
and quenched into water. Essentially no contamina- 
tion was found after several hours of heat treatment 
at temperatures up to 1050°C. 


Metallography: Specimens were prepared in the 
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Fig. 1 (upper left)—Iodide ti- 

tanium, hot rolled and annealed 

in alpha field at 850°C. Equiaxed 

alpha grains (0.1l-mm diam). 
X100. 


Fig. 2 (upper center)—Iodide ti- 

tanium, as annealed 1% hr in beta 

field at 890°C and water quenched. 

Serrated transformed-beta struc- 
ture. X100. 


Fig. 3 (upper right)—Titanium- 

0.25 pet carbon alloy, annealed 

3% hr in the alpha field at 850°C. 
Equiaxed alpha grains. X100. 


Fig. 4 (lower left)—Titanium- 

0.25 pet carbon alloy, held 30 min 

in the alpha-beta field at 900°C 

and water quenched. Transformed 

beta surrounding equiaxed alpha. 
X100. 


Fig. 5 (lower center)—Titanium- 
0.25 pet carbon alloy, held 30 min 
in the beta-titanium carbide field 
at 920°C and water quenched. 
Transformed beta with rounded 
islands of titanium carbide. X500. 


Fig. 1-6—Area reduced approximately 
40 pet for reproduction. 


usual way on metallographic papers through 600X 
and lapped with diamond dust on a wool lap. Etch- 
ing was done with 3 pct HNO; plus 1% pct HF in 
water. 


Structure and Transformation Range 


Titanium: Iodide titanium fabricated by standard 
hot-rolling procedures and finished with the stand- 
ard 3% hr vacuum anneal at 850°C shows the equi- 
axed alpha grain structure illustrated in fig. 1. 

Water quenching of unalloyed titanium from tem- 
peratures above the transformation point results in 


O- Alpha Phase 
®8- Alpha + Beta 
O- Alpha + TiC 
G-Beta +Tic 


1100 


a8 


Temperature, Degrees Centigrade 
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Fig. 6—Transformation range of titanium carbon alloys. 


a transformation structure of the type shown in fig. 
2. This structure is characterized by large serrated 
Widmanstatten plates formed during cooling through 
the transformation. 

Experiments done early in this work using the 
inverse-rate method of thermal analysis have shown 
the alpha-to-beta transformation temperature for 
iodide titanium to be 888°C, average for three de- 
terminations. This temperature is in good agree- 
ment with the value of 882°C reported by other in- 
vestigators.” * 

Quenching experiments performed on iodide ti- 
tanium having an equiaxed alpha structure showed 
this structure to persist unchanged on quenching 
from temperatures up through 850°C. Heating to 
890°C resulted in the transformation of the alpha 
modification to the beta form. 


Ti-C Alloys: Five binary titanium-carbon alloys 
containing 0.125, 0.25, 0.50, 0.65, and 0.87 pct C, by 
chemical analysis, were studied. Examination of 
these alloys as annealed at 850°C showed carbon to 
be soluble in alpha titanium to at least 0.25 pct. Fig. 
3 illustrates the equiaxed, single-phase alpha struc- 
ture observed in these low-carbon-content alloys. 
The addition of 0.5 pct C to titanium results in the 
formation of a second phase, titanium carbide. This 
second phase appears oriented in the rolling direc- 
tion and occurs in greater amounts in the alloys with 
increasing carbon content. 

Examination of quenched alloys showed that car- 
bon raises the alpha-to-beta transformation tem- 
perature of titanium. A peritectoid reaction at tem- 
peratures between 900° and 920°C results in a lower 
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4 Fig. (—Titanium- 

0.25 pet oxygen 

_ alloy, held % hr 

* at950°C and 
water 

quenched. 

Transformed- 

beta structure. 
X100. 


Area reduced 
approximately 
40 pct for 
reproduction. 


solubility of carbon in beta titanium. A transforma- 
tion diagram for titanium-carbon alloys is presented 
in fig. 6. Figs. 4 and 5 for a 0.25 pct carbon alloy 
quenched from the alpha-beta and the beta-carbide 
fields, respectively, illustrate the progress of the 
peritectoid reaction. 

Alpha plus transformed beta structures were ob- 
served only in the 0.125 pet C and 0.25 pct carbon 
alloys as quenched from 900°C. All the alloys 
quenched from temperatures of 920°C, and above, 
showed rounded particles of titanium carbide dis- 
tributed uniformly in a matrix of the basket-weave 
type of transformation structure. The data indicate 
a very low-carbon solubility in beta titanium, esti- 
mated to be less than 0.1 pct C. The quantity of 
titanium carbide phase’ present in those alloys 
quenched from 920°C, and above, increases with 
increasing carbon content. Raising the quenching 
temperature above 920°C does not appear to affect 
the quantity of the carbide phase, indicating that 
the solubility of carbon in beta titanium does not 
change appreciably. 

The presence of more of the carbide phase in the 
annealed alpha-carbide alloys, as compared with 
these same alloys quenched from 900°C, indicates 
that the solubility of carbon in alpha titanium in- 
creases with increasing temperatures and reaches a 
maximum at the peritectoid temperature. 

Ti-O Alloys: Five binary titanium-oxygen alloys 
containing nominally 0.125, 0.25, 0.50, 0.75, and 1.00 
wt pet O were studied. Examination of these alloys 
as annealed at 850°C showed oxygen to be soluble 
in alpha titanium at these compositions. 

Examination of the microstructures of quenched 
alloys showed that oxygen additions result in ex- 
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Fig. 8—Transformation range of titanium-oxygen 
sss alloys. 


tending upward both the alpha and the beta solvus 
lines. The transformation phase diagram for ti- 
tanium-oxygen is shown in fig. 8. Fig. 7 shows rep- 
resentative structure for titanium-oxygen alloys as 
quenched from the beta region. The beta transforma- 
tion structure for binary titanium-oxygen alloys is 
seen to be basket-weave rather than the serrated- 
plate Widmanstatten structure characteristic of beta- 
quenched iodide titanium. 

Ti-N Alloys: Five titanium-nitrogen alloys con- 
taining 0.09, 0.16, 0.21, 0.48, and 0.72 wt pct N were 
studied. Examination of these alloys as annealed at 
850°C showed nitrogen to be completely solublein 
the alpha-titanium phase. 

Microscopic examination of quenched titanium- 
nitrogen alloys showed that nitrogen additions to 
titanium extend upward both the alpha and beta 
solvus lines. This is shown in the transformation 
diagram in fig. 9. Nitrogen appears more effective 
than oxygen in raising the beta solvus line. The beta 
transformation structures are of the acicular basket- 
weave type, as in the titanium-oxygen alloys. 


Mechanical Properties 


Unalloyed Titanium: Average mechanical prop- 
erties of nine separate specimens of annealed un- 
alloyed titanium are shown in table I, together with 
the average properties found by Finlay and Snyder’ 
for similar material with a fine-grained alpha struc- 
ture. Agreement between the two averages is fair, 


Table I. Average Mechanical Properties of Nine 
Annealed Unalloyed Titanium Specimens 


Finlay 
Present and 

Properties Work Snyder? 
Proportional limit, psi 11,000 
0.1 pct offset yield, psi 23,200 
0.2 pet offset yield, psi 27,000 21,400 
Ultimate strength, psi 43,200 46,000 
Elongation, pct 40 (1 in.) 50 (% in.) 
Reduction in area, pct 61 
Vickers hardness 105 (10 kg) 103 (5 kg) 


the principal difference appearing in the values for 
0.2 pct offset yield. Of the nine specimens tested, 
four had equiaxed alpha grains of 0.1-mm avg. diam; 
one had a finer grained alpha structure; and four 
had a plate-like Widmanstatten alpha structure. 
There were no significant differences in the mechani- 
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‘Fig. 9—Transformation range of titanium-nitrogen 
alloys. 


TRANSACTIONS AIME, VOL. 188, OCTOBER 1950, JOURNAL OF METALS—1263 


This Work 
Finlay and Snyd 


er'2)) 


8 


a 
a 


Elongation, % in |-Inch; Reduction in Area, % 


8 
Vickers Hardness 


Ultimate Tensile or 0.2% Offset Yield Strength, IOOOP.S | 


1 
5 O1 02 O3 OF OFS O6 O07 O8 O09 
Carbon Content, Per Cent 


Fig. 10—Mechanical properties of titanium-carbon 
alloys, annealed at 850°C. Also shown are data of 
Finlay and Snyder.’ 


cal properties of these specimens. Also, there were 
no differences between surface and cross-sectional 
hardness of sheet titanium in any condition. These 
facts, coupled with the fact that titanium does not 
change in hardness on quenching through its trans- 
formation, indicate that the mechanical properties 
of high-purity unalloyed titanium are relatively in- 
sensitive to structure. 

Binary Alloys: The mechanical properties of ti- 
tanium-carbon alloys up to about 0.9 pet C are 
shown in fig. 10. Strength increases almost linearly 
up to 0.25 pct C, about the limit of solid solubility, 
and then levels off in the range where carbides are 
present. Ductility decreases as strength increases. 
The major drop in elongation occurs at 0.25 pct C, 
while the reduction in area drops most rapidly at 
0.65 pct C. The level of ductility remains relatively 
high throughout. Surface hardness of alpha-titanium 
alloys is generally higher than cross-section hard- 
ness because of the preferred orientation of the 
hexagonal basal planes parallel to the surface. The 
difference between surface and cross-section hard- 
ness increases from 0 to 20 Vickers points as the 
carbon content increases to above 0.2 pct. 
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Fig. 11—Mechanical properties of titanium-oxygen 
alloys, annealed at 850°C. Also shown are data of 
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The mechanical properties of the binary titanium- 
oxygen alloys are given in fig. 11. The strength and 
hardness of titanium are increased with oxygen con- 
tent up to 0.75 pct. The ductile range of binary ti- 
tanium-oxygen alloys may be placed at up to 0.75 
pct O, with the range of good ductility, above 20 pct 
elongation, located at up to 0.5 pet O. The difference 
between surface and cross-section hardness of rolled 
and annealed binary titanium-oxygen alloys is much 
more pronounced than that exhibited in binary 
titanium-carbon alloys. The hardness differential 
increases with increasing oxygen content up to a 
maximum of 50 Vickers points at about 0.75 pct O. 
Above 0.75 pct O, the hardness differential remains 
constant. 

The mechanical properties of titanium-nitrogen 
alloys are given in fig. 12. Nitrogen has a more po- 
tent effect on the strength and hardness of titanium 
than oxygen. The ductile range is much more re- 
stricted, however, and is estimated from these data 
to be between 0.2 and 0.5 pct N. Nitrogen causes a 
sharp decrease in ductility values. The decrease of 
strength with increase in hardness of alloys with 
nitrogen contents of 0.5 pet, and above, is indicative 
of the brittleness induced by excessive nitrogen. The 
difference between surface and cross-section hard- 
ness reaches a maximum of about 50 Vickers points 
at 0.4 pct N and remains constant at higher nitrogen 
contents. 5 

Ternary Alloys: To permit evaluation of ternary 
effects, several ternary alloys with oxygen, nitrogen, 
and carbon were made. Vickers hardnesses of these 
alloys in the 850°C annealed condition are shown 
in fig. 13. For ternary alloys containing carbon, the 
conclusion appears justified that their hardness is 
additive from the binary hardening effects of the 
constituents. This follows from the parallel nature 
of the hardness curves for ternary alloys containing 
carbon. The data for ternary alloys containing oxy- 
gen and nitrogen do not appear to follow any rule. 
Hence, no conclusion may be made as to whether 
ternary effects in Ti-O-N alloys are additive or not. 

Correlations: Comparison of the effects of the 
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Fig. 12—Mechanical properties of titanium-nitrogen 
alloys, annealed at 850°C. Also shown are data of 
Finlay and Snyder.’ 
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Table II. Modulus of Elasticity Values for Titanium 


Alloys 
Modulus of Elasticity, 106 psi 
Composi- Tuckerman SR -4 
tion, Pct Extenso- Strain 
(Balance meter Gauge Aver- 
Ti) Method Method age 
100 Ti 15.8 15.9 15.85 
0.20 15.2 15.5 15.38 
0.1N 15.6 16.0 15.8 
0.2N 15:5 16.2 15.85 
0.125 C 15.8 16.0 15.9 
0.25C 16.5 16.1 16.3 


three alloying additions on the mechanical proper- 
ties of titanium indicates that nitrogen has the 
greatest strengthening and hardening effect, oxygen 
next, and carbon least. The reverse generally holds 
true for ductility, although, at about 0.5 pct alloy 
content, the elongation of Ti-C and Ti-O alloys is 
about the same. Up to about 1 pct alloy content, 
carbon-containing alloys show no signs of becoming 
brittle. At about 0.75 pct O, the Ti-O alloys became 
brittle. For Ti-N alloys, brittleness sets in somewhere 
between 0.2 pct and 0.5 pct, with the actual value 
probably lying closer to 0.5 pct N. 

Hardness vs. ultimate strength correlation data, 
shown in fig. 14, fit a straight line. The equation of 
the line, ultimate tensile strength equals 400 Vickers 
- hardness number, is useful in estimating strengths 
of annealed alloys from hardness data. This factor 
is much less than the 500 Vickers hardness number 
conversion used for steels in estimating ultimate 
strength from hardness. 

Comparison of this work with that of Finlay and 
Snyder’ is given in figs. 10, 11, and 12. The results 
for titanium-oxygen alloys are in remarkably good 
agreement. Strengths and hardness curves for ti- 
tanium-nitrogen alloys also are in very good agree- 
ment, but the elongation values found in the present 
work are lower than those of Finlay and Snyder by 
an amount greater than might be expected for the 
difference in gauge length in the specimens used in 

the two investigations. A real divergence in results 
is found for titanium-carbon alloys. The present 
work shows the initial rate of strengthening and 
hardening by carbon is much greater than that found 
by Finlay and Snyder. This initial greater rate then 
levels off, so that the two sets of curves would be 
expected to coincide or merge at about 0.75 pct C. 
It is suggested that the reason for the divergence 
lies in the relative amounts of carbon in solution in 
the alpha titanium phase. In the present work, the 
alloys were annealed 3% hr at 850°C, and micro- 
‘scopic evidence showed that at least 0.25 pct C was 
in solution. Finlay and Snyder, after cold rolling 
their alloys, annealed them for 1 hr at 700°C. It is 
known from private communication with these in- 
vestigators that their alloys, for a given carbon con- 
tent, contained more carbide than did the alloys in 


Table III. Flow-equation Constants, A and n, for 
for Titanium Alloys 


Strain Strain at 

_ Coeffi- Strain Maximum 

Alloy Compo- cient, Exponent, Load, 5m, 

No. sition A, psi n In. per In. 
B66 100 Ti 84,000 0.25 0.30 
B43 0.125 C 85,000 0.15 0.21 
B44 0.25 C 112,000 0.15 0.16 
B45_ 0.5C 112,000 0.13 0.11 
B46 0.65 C 122,000 0.15 0.12 
B47 0.87 C 116,000 0.14 0.13 
B67 0.125 O- 104,000 0°12 0.12 
B68 0.25 0 131,000 0.13 0.12 
B69 0.50 170,000 0.14 0.13 
B38 0.092 N 119,000 0.11 0.11 
B39 ~ 0.163 N 116,000 0.08 0.07 
B40 0.206 N 143,000 0.10 0.11 

Pct aneimnnt PB Uae 5 Rese iae eT eS 


the present investigation. This follows from the 
diminishing solubility of carbon with decreasing 
temperature. Solid-solution strengthening would be 
expected to be less for the 700°C annealed alloys 
than for the 850°C annealed alloys. Similarly, the 
alloys reported by Finlay and Snyder would not be 
expected to level off in properties so sharply as the 
present alloys but would tend to increase in strength 
and hardness at a moderate rate as more carbide 
appeared in the structure. 

Modulus of Elasticity: A difference of over 1,000,- 
000 psi in modulus of elasticity has been reported‘ 
between high-purity iodide titanium (14—15.5x10° 
psi) and magnesium-reduced titanium (16—16.5x10° 
psi), which has been attributed to the effect of the 
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Fig. 13—Effect of ternary combinations of carbon, 
oxygen, and nitrogen on the hardness of titanium. 
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contaminants, oxygen, nitrogen, and carbon. In this 
investigation, it has been found that high-purity 
titanium has a modulus of almost 16x10° psi, and 
individually none of these three elements causes a 
marked increase in modulus of elasticity. Both the 
Tuckerman extensometer and electrical strain gauge 
methods were used for these determinations, which 
are given in table II. Of the three additives, carbon 
causes a slight increase and oxygen a slight decrease 
in the modulus value. 
Flow Properties 


Flow curves of true stress vs. true strain, plotted 
on a log-log scale, for Ti-C, Ti-O, and Ti-N alloys 
are composed of two straight lines, the intersection 
of which occurs at strains in the range of 0.01 to 0.1 
in. per in. The initial slope of the flow curve for ti- 
tanium is 0.12; at a strain of 0.11 in. per in., the 
slope changes to 0.25. For Ti-C alloys, the initial 
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slope is about 0.09, and for Ti-O and Ti-N alloys 
the initial slope is about 0.06. Changes in slope for 
the alloys, in general, occurred at about 0.02 in. per 
in. strain. Table III lists the flow-curve constants 
found for the titanium alloys in this work. Also in- 
cluded in table III are values of the true strain at 
maximum load, 3,,. This maximum uniform strain, 
6m, should equal the value of the strain exponent, n, 
in cases where the flow equation applies.* The experi- 
mental agreement between the two is seen to be 
fairly good. The n values decrease as alloy content 
increases. The relative order of decrease is in line 
with the decrease of other ductility parameters: 
carbon least, oxygen next, and nitrogen greatest. 
The A values, which give an estimate of strengthen- 
ing, increase with alloy content, and are in the op- 
posite order: nitrogen greatest increase and carbon 
least. 

Hollomon’® has correlated strain exponent, n, with 
yield strength at a strain of 0.01 for steels and found 
that steels with the same carbon content fit the equa- 

K 


(oc) 0.94 
carbon content. Fig. 15 shows the n vs. 6)... correla- 
tion for titanium alloys. The points are very scat- 
tered, but, in general, show a downward trend. The 
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N-8).. correlation found for low-carbon steel by 
Hollomon’ is also shown in fig. 15 for comparison. 
The titanium alloys appear to be pretty well scat- 
tered around the line for low-carbon steel. This 
would indicate that the flow properties of the ti- 
tanium alloys are of the same order of magnitude 
as those of low-carbon steel. 

One of the useful things that can be done with 
flow curves is to convert them to curves of yield 
strength vs. cold reduction. Fig. 16 shows these 
curves for the Ti-C, Ti-O, and Ti-N alloys. The dis- 
continuity shown in the curve for unalloyed tita- 
nium arises from the marked change in slope found 
in the true stress-strain curve. For each of the 
alloys, the change in slope of the true stress-strain 
curve is not very pronounced and occurs at low 
values of strain. Consequently, the discontinuities 
are not as apparent in the yield strength-cold work 
curves for the Ti-C, Ti-O, and Ti-N alloys. 


Summary 


1. The solubility of carbon in alpha titanium is 
limited. In its range of solubility, it extends the 
alpha and beta solvus lines upward from 885°C up 
to 910°C, where a peritectic reaction takes place 
between alpha of about 0.4 to 0.5 pct C and beta of 
less than 0.1 pct C, forming titanium carbide. The 
solubility of carbon in alpha phase appears to be a 
maximum at the peritectic temperature and to de- 
crease at lower temperatures. Both oxygen and 
nitrogen extend upward the alpha and beta solvus 
lines. The solubility of nitrogen in beta at any given 


0.2% Offset Yield Strength, |OOORS.1. 
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Fig. 16—Yield strength-cold work curves for titanium 
alloys calculated from flow curves. 
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temperature appears to be considerably less than 
that of oxygen. 

2. Mechanical properties determined on binary 
Ti-C, Ti-O, and Ti-N alloys, in their ductile ranges, 
indicate that the strengthening effect of nitrogen is 
greatest and that of carbon is least. Ductility in- 
dexes generally were in reverse order. Carbon alloys, 
in the alpha-carbide region, showed a leveling off 
in strength properties. Ternary alloys in the Ti-C-O 
and Ti-C-N systems appeared to have hardnesses 
additive from the hardening effects of the respec- 
tive binary alloys. Data for ternary Ti-O-N alloys 
were not self consistent. 

3. Flow curves were determined for three sets 
of binary alloys. Plotted in a log-log scale, they 
were composed of two straight lines, intersecting at 
strains in the range of 0.01 to 0.1 in. per in. The 
latter part of each flow curve was fitted to the flow 
equation, o = Ad”. As alloy content increased, n 
decreased, nitrogen causing the greatest decrease, 
and carbon the least decrease. In general, the A 
values increased with alloy content, nitrogen causing 
the greatest increase and. carbon the least. Cold 
work-yield strength curves were calculated from 
the flow curves. 
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Dendritic Crystallization of Alloys 


by B. H. Alexander and F. N. Rhines 


UCH attention has been directed to the effects 

of grain size upon the properties of alloys, but 
there has been scant study either of the conditions 
that determine the pattern and dimensions of den- 
drites in metal systems, or of the influence of their 
shape and size upon the overall properties of cast- 
ings. The aim of the research that is about to be 
described has been to investigate the effect of vari- 
ous factors upon the mode of formation of dendrites 
in alloys by measurements of the distance between 
adjacent dendrite arms (dendrite spacing). 

Early investigators, including Grignon’ and 
‘Tschernoff,” showed that a metal dendrite is com- 
posed of a tree-like system-of stalks and branches 
arranged in a simple geometrical pattern. North- 
cott and Thomas’ demonstrated that, in the face- 
centered cubic solid solutions of copper-base, these 
stalks and side arms all lie in (100) directions in 
the crystal. Several investigators, including Sauveur 
and Chou,’ Sauveur and Reed,’ and Martin and Mar- 
tin® have reported that the addition to steel of alloy- 
ing elements, such as nickel, chromium, and 
molybdenum, not only makes the dendrites easier 
to reveal by etching, but makes them coarser. The 
latter authors® proposed that the coarsening of the 
dendrites is roughly proportional to the increase in 
the temperature range of freezing, caused by adding 
the alloying elements. Sauveur and Chou® showed, 
in addition, that the dendrites are coarsened by a 
decreased rate of cooling of the casting. 


Measurement of Dendrite Arm Spacing 


Among the physical conditions that could be ex- 
pected to have an influence upon the dendrite arm 
spacing, that appears in a cast metal, are: composi- 
tion, rate of freezing, crystal structure, and type of 
constitution. The relationships obtaining between 
_these variables and the dendrite dimensions have 
been examined, in the present research, by measur- 
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ing the arm spacing in a wide variety of alloys, 
listed in tables II through VI. Alloy compositions 
are recorded in the tables by showing the symbol 
of the major metal followed by the percentage and 
symbol of the alloying agent; thus, “Al-10Ag” is an 
aluminum-base alloy containing 10 pct of silver. 
Although none of the alloys were analyzed, an im- 
pression of their degree of purity may be obtained 
from that of their component metals given in table I. 


Table I. Degree of Purity of Metals 


Metal Grade Major Metal, Pct 
Al TA 99.98 
Ag ts Electrolytic 99.9 
Cu OFC: 99.93 
Zn Electrolytic 99.99 
Mg Distilled 99.99 
Si Technical 97 
Sb Star band 99.6 
As Lump 99.5 
Pb Electrolytic 99.99 
Bi Refined 99.9 
Sn Chempur 99.98 
Cd Electrolytic 99.9 
Ni Electrolytic 99.9 
Tl High purity 99.9 
Te Lump 99.7 


Five hundred grams of each alloy was made by 
melting in small clay-graphite crucibles in an elec- 
tric muffle furnace. After alloying the temperature 
was adjusted to 50° to 75°C above the liquidus and 
the melts were poured into cast iron molds, at room 
temperature, the molds having a wall thickness of 
1 in. and a cavity 1% in. sq in cross-section. Each 
ingot, thus cast, was sectioned at mid-height and 
the sectioned surface was polished and etched for 
metallographic examination. Dendrite spacing meas- 
urements were made at three positions, namely, ad- 
jacent to the mold wall, midway between the. wall 
and the center of the ingot, and at the center (desig- 
nated e, m, and c respectively, in the tables). A 
typical series of microstructures is presented in fig. 
1. For each measurement, the average was taken 
of the dendrite spacing of several grains covering a 
zone about 2 mm wide. Only those grains which had 


‘a major dendrite axis nearly in the plane of polish 


were selected in order to eliminate corrections for 
orientation differences from grain to grain. 
Although the dendrite spacings were measured to 
the nearest thousandth of a millimeter, the values 
listed in the tables are thought to be significant only 
to the nearest hundredth of a millimeter. The larg- 
est difference in readings found, when various ob- 
servers rated the same specimens, was 0.012 mm; 
the largest difference between corresponding meas- 
urements upon duplicate specimens was 0.027 mm. 
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Fig. 1—Typical dendritic structure at three positions in an ingot of Cu-6Si; position (e) next to mold 
wall; position (m) midway between wall and center; position (c) at center of ingot. 


Among the factors that limit the precision of the 
measurement are the following: 


1. There is an element of judgment, and conse- 
quently a source of experimental error, in the selec- 


Table II. Dendrite Arm Spacing in Aluminum Alloys 


Pouring Grain Size (mm) 


Nominal Temp, Col- Equi- Dendrite Spacing 
Composition °C umnar axed in mmx10® 
e m c 

Al—10 Ag 700 0.7 0 131 166 185 
Al— 20 Ag 680 1.0 0 139 185 208 
Al— 30 Ag 670 alah 0 152 200 218 
Al— 40 Ag 660 Tait 0 139 166 185 
Al— 5Cu 700 125 133 139 
Al—10Cu 690 165 170 180 
Al — 20 Cu 650 225 300 350 
Al— 10 Mg 650 0.4 0.9 125 133 147 
Al— 15 Mg 625 0.4 0.9 139 154 167 
Al—1.0Si 700 1.3 2.0 139 166 161 
Al— 1.5 Si 700 0.8 2.0 156 200 250 
Al — 5.0 Si 670 1.3 3.0 166 250 333 
Al — 5.0 Si 670 1.3 3.0 166 250 333 
Al — 20 Zn 670 0.6 0.9 222 333 370 
Al— 40 Zn 630 0.8 1.3 238 357 400 
Al— 60 Zn 600 0.9 1.4 166 278 333 


Table III. Dendrite Arm Spacing in Copper Alloys 


Pouring Grain Size (mm) ; 
Dendrite Spacing 


Nominal Temp, Col- Equi 
Composition °C umnar axed in mmx103 
e m c 
Cu— 10 Ni 1,200 0.5 0.5 124 139 159 
Cu — 20 Ni 1,240 0.4 1.0 126 145 166 
Cu — 30 Ni 1,280 0.3 0.7 133 251: 175 
Cu — 40 Ni 1,330 0.3 0.4 145 166 185 
Cu — 50 Ni 1,360 0.3 0.4 166 208 250 
Cu — 60 Ni 1,390 0.4 0.5 154 200 222 
Cu — 70 Ni 1,420 0.3 0.5 166 238 275 
Cu—10Pb 1,100 0.3 0.3 94 111 139 
Cu — 20 Pb 1,060 0.3 0.3 111 133 151 
. Cu— 2Sb 1,120 0 0.2 104 126 139 
Cu— 5Sb 1,110 0 0.2 119 139 151 
Cu—10Sb 1,060 0 0.2 125 147 159 
Cu — 20 Sb 750 0 0.2 128- 159 167 
Cu — 2 Si 1,100 0.7 2.0 138 160 175 
Cu—4Si 1,050 0.5 aly 185 208 222 
Cu —6 Si 990 | 0.4 1.4 145 208 278 
Cu— 1Sn 1,130 0.4 0.8 100 102 111 
Cu— 5Sn 1,100 0.3 0.4 105 116 125 
Cu—10Sn 1,050 0.3 0.3 111 125 139 
Cu—15Sn 1,000 0.3 0.3 115 139 165 
Cu— 20Sn 950 0.3 0.3 128 166 250 
Cu — 10 Zn 1,100 0.3 dL 108 124 133 
Cu — 20 Zn 1,050 0.3 Ld 133 151 185 
Cu — 30 Zn 1,000 0.2 §RL 208 222 256 
Cu— 2 Be 1,060 0 2.5 238 


tion of grains that are suitably oriented for dendrite 
spacing measurements. 

2. It is often observed that there are, along the 
main stalk of a dendrite, many stunted side arms; 
the fully developed arms usually occur at fairly 
regular intervals, with from 2 to 10 underdeveloped 
arms between. In order to make the measurements 
consistent, only the fully developed arms, which 
establish the “rhythm” of the spacing, were con- 
sidered. There were some border-line cases where 
it again became a matter of judgment whether to 
include or exclude certain partially developed arms. 

3. Where the grain size was not large, in com- 
parison with the dendrite spacing, it became impos- 
sible to obtain significant measurements. In all 
cases where this relationship was very unfavorable, 
the readings have been omitted from the tables. 
There remain some border-line cases, however, 
where the precision of the measurement may have 
been impaired by this factor. 

4. Occasionally, near the centers of some ingots 
it was found that two prominent spacings occurred 
in the same grain. In such cases the larger spacing 
has been reported. : : 


Influence of Composition, Crystal Structure and 
Constitution Upon the Dendrite Spacing 


The dendrite spacing measurements at position 
(m), as reported in tables II to VI, are summarized 
with respect to composition in figs. 2 to 6, inclusive. 
Although the results appear somewhat erratic, there 
are important trends that are shown clearly: 

1. The dendrite arm spacing always increases 
with increasing concentration of the solute element. 
In most cases the spacing was found to increase 


Table IV. Dendrite Arm Spacing in Magnesium Alloys 


Nominal Pouring Dendrite Spacing 
Composition Temp, °C in mmx103 
e m c 

Mg— 1Sn 700 100. 105 111 
Mg— 5Sn 690 185 222 256 
Mg —10Sn 680 238 256 303 
Mg — 15 Sn 670 178 278 333 
Mg — 20 Sn 660 145 175 208 
Mg — 30 Sn 630 105 “139 119 
Mg — 10 Tl 690 196 222 250 
Mg — 25 Tl 675 333 475 500 
Mg— 2Zn 700 151 175 222 
Mg— 5Zn 690 166 185 238 
Mg — 10 Zn 670 = 185, 208 250 
Mg — 20 Zn 630 172 200 222 
Mg — 30 Zn 580 166 182 208 


Note: No grain size measurements were made. 
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Table V. Dendrite Arm Spacing in Antimony Alloys 


Pouring Grain Size (mm) 


Nominal Temp, Col- Equi- Dendrite Spacing 
Composition °c umnar axed in mmx103 
e m c 

sp— 5 As 675 0.5 ileal 158 208 278 
Sb — 10 As 665 0.4 0.9 166 303 370 
Sb — 10 Bi 660 0.4 0.3 72 139 238 
Sb — 20 Bi 645 0.4 0.3 83 167 278 
Sb — 30 Bi 620 0.3 0.4 166 358 400 
Sb — 40 Bi 600 0.4 0.5 139 333 358 
Sb — 50 Bi 575 0.4 0.7 208 384 435 
Sb — 60 Bi 540 0.5 1.2 278 416 476 
Sb — 70 Bi 500 0.4 2.5 140 250 350 
Sb — 80 Bi 460 0.5 139 238 378 
Sb — 90 Bi 400 0.5 86 167 278 
Sb— 5Sn 670 0.6 208 303 333 
Sb—10Sn 660 0.7 1.4 303 333 370 
Sb—15Sn — 630 0.5 2.5 238 280 356 
Sb — 20 Sn 600 0.4 zi 303 417 565 
Sb— 2Te 675 0.5 1.4 185 256 278 
Sb— 5Te 670 0.6 we, 196 333 370 
Sb—10Te 650 0.6 2.0 208 370 417 
Sb— 5Zn 650 0.6 1.1 238 333 370 
Sb— 10 Zn 620 0.8 2.0 278 333 417 
Sb — 15 Zn 580 1.0 1.7 303 370 475 


Table VI. Dendrite Arm Spacing in Some Miscellaneous 
Alloys 


Pouring Grain Size (mm) 


Nominal Temp, Col- Equi- Dendrite Spacing 
Composition °C umnar -axed in mmx10? 
e m c 

Ag— 5Cu 960 - ie 67 
Ag—10Cu 940 ba td 80 
Ag — 20 Cu 890 - 50 
Zn—2 Ag - 470 i 128 159 175 
Zn —3 Ag 480 180 200 238 
Zn —5 Ag 550 = * 151 185 208 
Cd— 32Zn 355 0 0.2 151 167 185 
Cd— 5Zn 350 0 0.2 159 222 303 
Cd — 10 Zn 330 0 0.2 139 169 222 
Pb — 20 Sn 330 te » 55 63 91 
Pb — 30 Sn 310 = te 55 67 100 
Pb — 40 Sn 290 . * 63 71 sha 
Sn—2 Zn 275 st * 125 200 222 
Sn—5 Zn 270 u - 133 250 286 
Sn —8 Zn 250 - Se 84 111 125 


* Note: Grain size not measured. 
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Fig. 2 (upper left)—Dendrite spacing vs. alloy 
concentration in Al-base alloys. 


Fig. 3 (lower left)—Dendrite spacing vs. alloy 
concentration in Cu-base alloys. 


Fig. 4 (upper right) Dendrite spacing vs. alloy 
concentration in Mg-base alloys. 


throughout the range of composition that was 
studied, but in isomorphous series, such as that of 
the Sb-Bi system, fig. 5, a maximum spacing was 
found near the mid composition. A similar maxi- 
mum appears in the Al-Zn system, fig. 2, which has 
a very broad range of solid solution alloys. 

2. There is a tendency for the dendrites to be 
coarser when the crystal structure of the dominant 
metal is of a more complex (less densely packed) 
type. Thus, the curves in figs. 2, 3, and 4 (cubic and 
hexagonal metals), if extrapolated to the composi- 
tion of the pure base metal, would cluster about a 
dendrite spacing of about 100x10° mm, or a little 
smaller, while the curves for rhombohedral Sb and 
tetragonal Sn, figs. 5 and 6, would extrapolate to 
somewhat larger dendrite spacings at the pure 
metal composition. 

Beyond this, there appear to be no clear associa- 
tions between the dendrite spacing and the crystal 
structure and constitution. The possibility of a 
connection between the temperature range of freez- 
ing and the dendrite spacing, such as was proposed 
by Martin and Martin,* has been explored carefully; 
while there is a somewhat indirect association of 
these two factors that will be discussed presently, 
in connection with deviations from regular behavior, 
it can be said, quite definitely, that there is no 
direct relationship between freezing range and 
dendrite spacing. Also, the intrusion of a second 
solid phase, such as is encountered in the richer 
alloys of eutectic and peritectic types, seems to be 
without influence upon the dendrite dimensions. 
This may be presumed to be because the establish- 
ment of the dendrite pattern precedes the crystal- 
lization of the low melting phases. 


Influence of Rate of Growth Upon the Dendrite 
Spacing 


In order to explore the possible effect of rate of 
growth upon the dendrite spacing, measurements 
were made at three depths below the ingot surface 
in each of the samples examined, it being known 
that the velocity of freezing would diminish with 
distance from the mold wall. Results from two 
typical alloy series are shown in figs. 7 and 8. From 
these it is apparent that the spacing increases with 
depth below the ingot surface, i.e. with the decelera- 
tion of growth. 
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It will be noted that a linear relationship between 
dendrite spacing and depth beneath the ingot sur- 
face is indicated in figs. 7 and 8. To be sure, there 
are both positive and negative deviations from 
linear behavior among the curves presented, and 
this condition is borne out by the balance of the 
readings listed in tables II to VI; but the frequency 
of the occurrence of a linear relationship is sug- 
gestive of the existence of a principle. It suggests 
that the spacing may be inversely proportional to 
the rate of freezing, because the inverse of the freez- 
ing velocity is also a linear function of the depth 
frozen. The latter relationship can be derived from 
the experimental fact® that the depth frozen (D) is 
proportional to the square root.of time (t); that is: 


D~t 
and since the velocity of freezing (V) is: 


dD 


dt 


the reciprocal of the velocity will be proportional 
to the depth frozen: 


1 
— ~ D. 
V 


Reasons for the observed departures from the linear 
relationship will be considered presently. 

To obtain more accurate freezing rate measure- 
ments, an additional study was undertaken, using 
the well-established method of casting a series of 
ingots and upsetting the molds to ascertain the 
thickness of the shell of solidified metal after vari- 
ous intervals of time. An aluminum alloy (17S) 
and a 6x6 in. sq mold, 12 in. deep, were used. If 
the thickness of the solidified shell is plotted as a 
function of the times of freezing and a smooth curve 
is drawn through the points, fig. 9, the instantaneous 
rate of freezing can be determined, for any position 
in the ingot, from the slope of the curve at the same 
distance from the mold wall. The results of such a 
determination are presented in table VII (col. 3), 
where the inverse rate is expressed in terms of the 
number of seconds per inch of growth. 

Observed measurements of the dendrite spacings 
in several positions in the large ingots are shown in 
table VII (col. 4). These readings are to be com- 
pared with those in col. 5, which were computed 
by making the ratio between the first dendrite 
spacing in each group and each succeeding reading 
the same as the ratio between the first rate-of- 
growth measurement in each group (col. 3) and each 
succeeding reading. The correspondence between the 
observed and “calculated’’ dendrite spacings is taken 
as confirmation of the principle that the dendrite 
spacing is inversely proportional to the rate of crys- 
tal growth. It may be noted that a given freezing 
velocity corresponds to somewhat different spacing 
values, where the degree of superheating, prior to 
pouring, is different, table VII; here it is to be ex- 
pected that the correspondence between the meas- 
ured freezing rate and the true rate will vary with 
the degree of superheating, because of the difference 
in the temperature gradient that would be estab- 
lished thereby. 

Deviation from linearity in plots such as those 
in figs. 7 and 8 can now be explained. The finding, 
at the center of the ingot, of a dendrite spacing that 
is smaller than expected is clearly to be associated 
with a final acceleration of the freezing rate, owing 


Spacing in mm X 103 
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Wetght % Addition 


Fig. 5—Dendrite spacing vs. alloy concentration in 
Sb-base alloys. 


Spocing in mm x 103 
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Fig. 6—Dendrite spacing vs. alloy concentration in 
some miscellaneous alloy series. 


to the rapid decrease in the ratio of the freezing 
area to the area of the external surface of the ingot 
through which heat is flowing. This effect is appar- 
ent in the curves of fig. 9 which turn sharply up- 
ward at the end, corresponding to the center of the 
ingot. Such behavior is most pronounced in systems 
having a relatively short freezing range (fig. 8). 
Where the freezing range is relatively long, the 
depth in the ingot over which crystallization is 
occurring simultaneously becomes significant. The 
liberation of heat of crystallization in a zone behind 
the front of growth of the dendrite tips would be 
expected to have a retarding influence upon the rate 
of advance of this front; and this would lead to a 
coarsening of the dendrite spacing, above that 
anticipated, which becomes progressively greater as 
the center of the ingot is approached. An example 
of this kind of behavior is presented in fig. 7, where 


Table VII. Rate of Freezing vs. Dendrite Spacing in 
Large Ingots of 17S Aluminum Alloy 


Length 
Rate of Dendrite Spacing of Col- 
Pouring Inches Growth in mmx103 umnar 
Temp, from in Sec ~ Ob- Calcu-— Zone 
°C Surface per In. served lated in In, 
800 0.25 44 418 418* 
800 0.75 48 455 456 
800 1.25 54 529 513 0.85 
900 0.25 38 333 Soo* 
900 0.75 44 378 385 
900 1.00 46 407 403 
900 5) 58 500 508 1,45 
1,000 0.25 41+ 294 294* 
1,000 0.75 52+ 363 373 
1,000 1.75 567 400 401 
1,000 2.00 647 475 459 1.75 


*Note: This value arbitrarily taken the same as that in col. 4 in 
solving for the others of the same group. 

j Note: Insufficient data for an accurate reading; may be in error 
as much as 10 sec per in. 


a ee 
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Fig. 7—Dendrite spacing vs. position in the ingot 


(e = edge, m = mid-distance, c = center) for 
Cu-Sn alloys. Curves identified by the percentage 
of Sn. 


c 


TTF 
40 |50 
m 
€ 
100 150 200 25 


Spacing in mm X 10° 


Position 


fe} 300 


Fig. 8—Dendrite spacing vs. position in the ingot 
(see fig. 7) for Cu-Ni alloys. Curves identified by 
the percentage of Ni. 


Cu-Sn alloys, having a long freezing range, are seen 
to exhibit deviations toward larger dendrite spacing. 
The behavior, in this respect, of each of the alloys 
studied, can be seen by comparing the spacings in 
columns e, m, and c of tables II to VI. 


Grain Size and Dendrite Spacing 


There is no apparent relationship between the 
grain size and the dendrite spacing in a casting. 
This can be seen by comparing the grain size meas- 
urements with the dendrite spacings recorded in 
tables II to VI. Where “columnar grain size” is 
reported, the figure refers to the width, not the 
length, of the grain. Perhaps a more striking dem- 
onstration is to be had by comparing cols. 4 and 
6 of table VII. It can be seen here that individual 
columnar grains in the aluminum ingots generally 
extend across several zones in which dendrite spac- 


ings were read and different readings were obtained 


\ 


in each position. In other words, the dendrite spac- 


~ ing can, and does, vary significantly within a single 


grain. Moreover, the increase in the columnar grain 
length, as the casting temperature is raised, is not 
associated with a corresponding increase in dendrite 
spacing. | 

Since the dendrite dimensions of a given alloy are 
determined by the rate of freezing alone, and since 
it is known that the cast grain size is determined 
cooperatively by the rate of crystal growth and by 
the rate of nucleation of crystals, it is apparent that 
the grain size and dendrite spacing of a casting can, 
within limits, be controlled independently. 


Mechanism of Dendrite Growth 


The most stable form of a crystal, in equilibrium 
with its melt, is thought to be idiomorphic, ie., 
bounded by plane facets. When crystals grow very 
slowly from a melt, or in a saturated liquid solution, 


they are characteristically idiomorphic. It is only 
when crystallization proceeds rapidly that dendritic 
growth is encountered. Vogel,‘ among others, has 
demonstrated this relationship between crystal form 
and rate of growth, in this instance for the freezing 
of FeSb.. Thus, it is clear that the occurrence of 
dendrites is to be associated with a significant dis- 
turbance of equilibrium conditions during crystal- 
lization. 

It was pointed out by Lehmann” that a crystal 
growing in a water solution impoverishes the solu- 
tion with respect to the crystallizing elements in its 
immediate neighborhood. Since the corners of the 
crystal have a relatively larger volume of solution 
to draw upon, than do the facets, the impoverish- 
ment is less pronounced next to the corners, as has 
been demonstrated by Berg,“ and this condition 
favors more rapid deposition of matter upon the 
sharp angles of the crystal. This has been called the 
“point effect of diffusion.” If growth is rapid, so 
that there is insufficient time for the crystal to main- 
tain its equilibrium shape through the transfer of 
matter from the corners to positions along the 
facets,” then protruberances will appear at the 
corners. These constitute the beginning of dendritic 
growth. 

While the crystal is yet small, the growth advan- 
tage of the corners is slight, because the distances 
concerned are so small that diffusion in the liquid 
phase can maintain a nearly uniform concentration 
all around the crystal and the idiomorphic shape is 
maintained. With increasing size, however, the ad- 
vantage of the corners increases, until, at some 
critical size, the crystal corners begin to grow pref- 
erentially. The faster the rate of growth the greater 
will be this advantage and the smaller will be the 
critical size at which dendrite arms begin to form. 

In applying this argument to the freezing of 
metals, it is evident that there will be a marked 
disturbance of the thermal equilibrium, because the 
release of the latent heat of crystallization is known 
to be sufficient to arrest natural cooling until the 
entire mass of metal is solid. Thermal gradients will 
be superimposed upon concentration gradients dur- 
ing the freezing of alloys. With pure metals, where 
concentration gradients are impossible, there can 
still be thermal gradients present during freezing. 
The occurrence of dendritic crystallization in pure 
metals, then, gives rise to the proposal* that the 
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Fig. 9—Rate of freezing of 17S aluminum 6x6 in. 
ingots cast at three temperatures. 
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Fig. 10—Schematic representation of the modes of 
crystal growth at three rates increasing from left 
to right with growth proceeding from top to bottom. 


dendritic modification of crystal growth can be in- 
duced as well by thermal as by concentration fluctu- 
ation. Because the diffusion of heat and the diffusion 
of matter obey similar rate laws, it follows that 
these two factors should support each other in their 
influence upon the crystallization of alloys. 

The extensive studies of Papapetrou” upon the 
crystallization of nonmetallic substances led him to 
the conclusion that, at moderate rates of growth, the 
corners which begin to develop preferentially do 
not continue to grow as rods but grow into other 
crystals of the same size and shape and physically 
continuous with the one from which they originated. 
This process is continued and results in a series of 
idiomorphic crystals connected at their corners, thus 
producing the primary stalk of a dendrite system. 

It is evident, then, that the number and direction 
of the stalks of the dendrite system must depend 
upon the number and location of the corners on the 
idiomorph, which in turn are determined by the 
intersections of its facets. If the equilibrium form 
of the crystal is known, the symmetry of the den- 
drite becomes apparent. According to the law of 
Bravais, the planes of closest atom packing in a 
crystal should appear as principal facets upon the 
idiomorph. A face-centered cubic metal, upon this 
basis, should crystallize in the form of octahedra 


with six corners coinciding with the cube directions ~ 


in the crystals. Accordingly, a face-centered cubic 
dendrite should have six main stalks lying in three 
mutually perpendicular directions. This corresponds 
with Northcott and Thomas” observations on den- 
drites in copper-base alloys. The analysis becomes 
complicated in its application to some types of crys- 
tals and there are cases where alternate arrange- 
ments are encountered. 

The mechanism described so far does not account 
for the regular development of secondary arms upon 
the primary stalks of the dendrite, nor for the de- 
velopment, upon these, of tertiary arms. Lehmann 
and Vogel, as well as Papapetrou, assume that con- 
centration or temperature fluctuations are present in 
the liquid into which the primary arm is growing, 


or that these fluctuations occur as a consequence of 
the discontinuity of growth, and that these fluctua- 
tions, or “waves,” lead to the formation of side arms. 
This view stems from the theory of Liesegang rings, 
which are thought to occur as a result of concentra- 
tion fluctuations established by a spasmodic precipi- 
tation from a solvent. 

Although this proposal may be fundamentally 
sound, it is somewhat vague, and it appears more 
satisfying to consider the process in greater detail. 
Beginning with the crystal chain of connected idio- 
morphs, observed by Papapetrou, it is evident that 
each idiomorph presents several corners that pro- 
vide potential sites for secondary arm growth. Each 
of these corners might grow into a side arm, but 
observation indicates that only some (from 1/3 to 
1/20) of the potential arms actually grow. A possi- 
ble reason for this behavior emerges if one considers 
the first and second idiomorphs of the primary 
chains, adjacent to the parent idiomorph. The 
corners of the first idiomorph should be less favored 
for growth than those of the second because of 
shielding by the adjacent primary arms that are 
extending at right angles from the corners of the 
original idiomorph (shielding, that is, in the sense 
that temperature and concentration gradients ema- 
nating from these arms would encroach upon the 
growth domain of the first idiomorph and rob it of 
some of its growth potential). By the same reason- 
ing, the corners of the third idiomorph are still 
more favored for preferential growth, and so on. At 
some point along the chain, side growth will actually 
proceed and the resulting arm will establish a new 
shield for the next few potential sites of side arm 
growth. The frequency of secondary (and tertiary) 
arm growth is expected to be limited, on the one 
hand, by the size of the original idiomorph, which 
limits the frequency of opportunities and, on the 
other hand, by the pattern of material and heat 
gradients; all of which depend, in the last analysis, 
upon the fundamental rates of material and heat 
diffusion. 

A graphical outline of the process thus far de- 
scribed is presented in fig. 10. In successive vertical 
columns are pictured three sequences of crystal 
growth at slow, intermediate, and fast rates, re- 
spectively. The process starts at the top of the 
chart with a small square representing the initial 
idiomorph and growth proceeds, according to its 
velocity, to produce a large idiomorph, an element- 
ary dendrite of primary arms only, or a complex 
dendrite. To make this picture fully realistic, for 
the case of metals, the undeveloped corner sites 
should perhaps be shown rounded instead of sharp, 
because this is usually observed. It may be sup- 
posed that the rounding results from a transfer of 
matter away from the corners under the driving . 
force of surface tension, decreasing the total surface 
area of the dendrite. 

While this picture of dendrite growth does not 
readily lend itself to the derivation of a formalized 
expression of the relationship between dendrite 
spacing and the factors affecting rate of growth, it 
does make it seem more reasonable that there 
should be an inverse relationship between the 
Spacing and the growth rate, for both are seen to 
depend upon the same factors, but in opposite ways. 

Alloying has been found to increase the dendrite 
spacing in all cases. That this effect comes from the 
influence of alloying upon the rate of material diffu- 
sion seems improbable, because the diffusion coeffi- 
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cient may either increase or decrease with alloying. 
The heat conductivity, however, is always lowered 
by alloying. This is the right kind of change to 
account for the effects observed, and it is concluded 
from this that the rate of heat transfer is probably 
of greater importance than is the rate of material 
transfer in establishing the dendrite spacing in 
metal systems. It will be noted, further, that the 
frequent observation of coarse dendritic growth in 
metals of complex crystal structure is consistent 
with this conclusion, because the metals of complex 
ee structure are usually poor conductors of 
eat. 

While the depression of the thermal diffusivity 
by alloying provides qualitative correspondence 
with the increased dendrite spacings, the actual val- 
ues of heat conductivity do not set the alloys in the 
same order as that established by the spacings. This 
may be the result of differences from alloy to alloy 
in the quantity of latent heat that must diffuse 
away, inasmuch as there is a fairly good correlation, 
within any one alloy series, between the dendrite 
spacing and the ratio of the heat of fusion to the 
thermal diffusivity (table VIII). 

A full understanding of the factors influencing 
dendrite spacing will be of practical usefulness, for 
it may be expected to lead to the development of 
methods for dendrite spacing control. The spacing 
is important in such ways as its influence upon the 
time required for homogenization by heat treatment 
and its influence upon the distribution of microcon- 
stituents in castings. 


Summary 


The spacing of the dendrite arms has been meas- 
ured in a large group of nonferrous alloys cast under 
comparable conditions, from which it has been 
learned that: 


1. The dendrite arm spacing and the grain size 
are independent. 

2. The dendrite spacing is inversely proportional 
to the rate of freezing. 

3. Alloying coarsens the dendrite. 

4. The dendrite spacing in any one alloy system 
varies in the same manner as the ratio of the 
heat of fusion to the thermal diffusivity. 
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CORRECTION 


i "Dt i i iwision: Bending of Single 
In the August 1950 issue: Discussion—Institute of Metals Division: The Transverse é 
Crystals of poe by M. K. Yen and W. R. Hibbard, Jr. P. 1040: 2nd column, 26th line should read, 
in part, “bands form on the (110) plane,” instead of “(111) plane;” and the 29th line should read, in 
part, “Crystals having their axes near [111],” instead of ie ay a 
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Thermal Expansion Characteristics of Beryllium 


by R. M. Treco 


A study has been made of the thermal expansion characteristics 
of vacuum-cast beryllium. Linear expansion coefficients for annealed 
and extruded beryllium are given for temperatures up to 1000°C. 
Results of expansion measurements on a single crystal of beryllium 
are discussed in relation to preferred orientation. The volume co- 

efficient of expansion has been calculated. 


HE thermal expansion of pure beryllium was 

first investigated by Hidnert and Sweeney’ in 
1925 on a single cast specimen stated to be of 98.9 
pet purity. A study of the coefficients of expansion 
by X-ray methods has recently been made by P. 
Gordon* on powder obtained from the Brush Beryl- 
lium Co. assaying 97 wt pct beryllium with about 
2 wt pct oxygen as an impurity. 

The present work pertains to about the highest 
purity metal obtainable from the Brush Beryllium 
Co. This metal was in the form of lumps which 
were remelted and cast in a high-vacuum induction 
furnace. Expansion data in this paper deal with 
beryllium extruded into bars of rectangular cross- 
section 4x14 in. and the anisotropic expansivity of 
a large cast single crystal. 

Analysis of the cast metal after extrusion indi- 
cated a beryllium assay of 99.28 pct. Impurities 
were 0.170 pct Fe, 0.140 pct Al, 0.014 pct Mg, 0.086 
pet Si, 0.020 pet Cu, 0.020 pct. Mn, 0.007. pct Ni, 0.007 
pet Ca, 0.080 pct C, 0.179 pct O, (as BeO). 


Part I—Extruded Metal 


Thermal expansion measurements were obtained 
with a fused quartz-tube differential type dilatom- 
eter? on specimens cut from the extruded sections 
in longitudinal and transverse directions. Specimens 
were machined to a diameter of 0.250 in. and a 
length of 3.000 in. One sample from each direction 
was. vacuum annealed for 1 hr at 800°C. 

The dilatometer tube was placed in a vertical tube 
furnace having a uniform temperature zone which 
was twice the length of the sample. Average time 
for a complete thermal cycle to 500°C was 18 hr. 
Temperatures were observed with two chromel- 
alumel thermocouples attached to the sample about 
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Table I. Identification of Samples 


Sample No. Location in Bar Treatment 
4 Longitudinal Annealed after extrusion 
5 » Longitudinal As extruded . 
6 __ Transverse Annealed after extrusion 
7 “ Transverse 


As extruded 


114 in. apart. The accuracy of temperature measure- 
ment was + 0.25°C. An argon gas atmosphere sur- 
rounded the specimen to prevent oxidation of the 
beryllium. 

Samples were identified as shown in table I. 


Results 


The original plan included measuring expansion 
up to 1000°C, but the first two runs on sample No. 5 
showed that a permanent contraction occurred from 


° 100 200 


100 600 


Fig. 1—Expansion of longitudinal specimens - 
Nos. 4 and 5. 
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Table II. Linear Coefficients of Expansion (In. per In. per °C x 10°) 


Longi- Longi- 


: Transverse Transverse tudinal tudinal L itudinal 
Tone Hidnert Transverse Longitudinal Extruded, Extruded, Extruded, Extruded, Exiroded.. Mean 
at and Gordon Annealed, Annealed, No. 7— No. 7— No. 5— No. 5— No. 5— . Co- 
Sweeney (X-ray*) No. 6 No. 4 Run No.1 Run No. 2 Run No. 1 Run No, 2 Run No. 3 efficient 
25-100 13 11.6 14.3 10.3 9.6 
z 5 s i i 10.1 12.6 11.4 12.5 11.54 
Bernee aa 13.5 14.5 13.2 11.8 12.1 14.5 13.4 14.7 13.46 
Boies ue 14.5 14.8 14.5 12.7 UBB 15.2 15t 15.7 14.44 
seaey . 15.3 15.3 15.6 13.6 14.0 15.9 15.7 16.6 15.24 
= 15.5 15.9 15.8 16.6 14.5 14.7 16.6 16.3 17.2 15.95 
25-600 16.1 16.5 17.2 17.0 4 ; 
25-700 16.8 17.0 (16.5) (18.3) (16.1) (16.1) 17.6 17.5 (18.5) 17.23 
25-800 17.4 18.1 17.9 : ; 
25-900 17.9 18.6 18.6 
25-1000 18.4 (17.5) (20.4) (18.0) (17.6) 18.9 19.0 (20.0) 18.77 
* Calculated from (2a, + a, ) /3 for random orientation. 
the weight of the measuring equipment. The maxi- as possible over the entire temperature range of the 


mum temperature possible without creep effects was tests. The method of drawing tangents to the curves 
525°C. The contraction data for the first two runs was discarded for two reasons: (1) The curves ex- 
indicated that the slope of the expansion curve hibit unusual changes in slope in the initial por- 
would not change between 525° and 1000°C if load- tions, and (2) the graphical error in plotting these 
ing effects could be eliminated. curves was greater than desired. 
Typical expansion curves for the longitudinal 
samples are shown in fig. 1 in which expansion per 
_ unit length (corrected for quartz) is plotted directly 
against temperature. Fig. 2 shows the same data for 
the transverse samples. It is apparent from these 
curves that the expansion of beryllium is not a 
linear function of temperature, and it proved to be 
impossible to represent the curves with any degree 
of accuracy by the usual form of the expansion 
equation: 


5) 


Lz = L, (1 + aT + pT’? + yT’...) 
where Lr = length at temperature T°C 
L, = length at 0°C 


° 
x 
z 
2 
= 
a 
3S 


a, B, y, etc. are empirical coefficients. 


It was a necessary objective of this work to deter- 
mine the linear expansion coefficient as accurately 


“ TURE (°C) 


60 | 80] 100 


Fig. 3—Contraction curve for extruded and annealed 
longitudinal sample No. 4. 


A more accurate method of obtaining the coeffi- 
cients resulted when the expansion data were plot- 
ted on log-log paper. Linear curves resulted which 
could be analyzed by the method of averages. Such 
a plot is shown in fig. 3. An equation of the form 
Lr = L, (1 + aT” x 10°), where a and b are em- 
pirical constants, was derived for each heating and 
cooling cycle. The linear coefficient was obtained 
from the relation: 


(===) (<s) 
anh ie T—25 


where L.; = length at 25°C and T = °C. 

Table II lists the expansion coefficients obtained 
along with those of Hidnert and Sweeney’ and of 
Gordon.2 For comparison purposes, the values of 
the expansion coefficient parallel and perpendicular 


o Kec mmeOOe 0.7 400.) 900. 600 to the principal hexagonal axis given by Gordon 
Fig. 2—Expansion of transverse specimens have been combined to give a mean linear coefficient 


Nos. 6 and 7. for randomly oriented polycrystalline metal; ie., 
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€2 
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ooo! 2110 

Fig. 4—Pole figure showing direc- 

tion for measurement of expansion 

¢, and cs, perpendicular to hexa- 
gonal axis. 


a= (2a, + a, )/3. The agreement of the observed 
data with the X-ray measurements was fair but not 
entirely consistent for the individual runs, although 
the calculated mean coefficient for all runs given in 
the last column agrees well with the X-ray data. 
The values of Hidnert and Sweeney are somewhat 
lower than the mean values with one exception. 
Values of a in parentheses have been extrapolated 
from the lower temperature data. 


Part II—Expansion of a Beryllium Single Crystal 


A large single crystal from a _ high-purity, 
vacuum-refined casting was carefully ground on 
one side parallel to the cleavage (0001) planes and 
then cut at right angles to the basal plane. Baldwin- 
Southwark SR-4 type A-8 bonded resistance strain 
gauges were cemented to the exposed surfaces of 
the crystal and also to a Vycor flat 2x1lx% in. (a = 
0.8 x 10° in. per in. per °C). 

Crystal and Vycor flats with cemented gauges 
were placed in a thermo-regulated constant tem- 
perature bath having a range of 0 to 50°C + 0.03°C. 
Expansion data obtained in this manner lay on a 
straight line conforming to the usual relation: L; = 
L, (1 + aT). Values of a were calculated for the 
direction parallel to the principal axis, designated 
a, , and perpendicular to this axis, a, . A small cor- 
rection for the Vycor* has been added to give the 
coefficients listed in table III. 

X-ray analysis showed that the strain coefficient 
designated a, , was measured within 14° of parallel 
to the c axis, and the strain coefficient perpendicular 
to the same axis made an angle of 5° with one of 
the @ axes (a, fig. 4). In order to check the method 
and at the same time determine any directional 
variation in the basal plane, the last two measure- 
ments were obtained with a new strain gauge 
mounted 35° from the first direction («, fig. 4). No 


Table III. Linear Coefficients of Expansion (a) for 
Beryllium (0 to 50°C) 


Direction 


Measured 
No. oy, x 10% an x 106 fora, 
Cycle (See fig. 4) 
1 10.21 11.46 €1 
2 10.27 11.69 €1 
3 10.06 11.85 €1 
4 10.07 11.67 €1 
5 10.00 11.33 €2 
6 10.03 11.57 35 


significant deviation from the previous values was 
found in this direction. 

The best weighted mean values together with 
their probable errors are as follows: 


a, = (11.580 + 0.050) x 10~ in. per in. per °C 
(0 to 50°C) 


a, = (10.076 + 0.026) x 10° in. per in. per °C 
(0 to 50°C) 


Beryllium is quite anisotropic in nature, having a 
15 pet difference in the expansion coefficients of the 
major crystallographic directions. 

From the mean values, the average linear co- 
efficient of expansion for polycrystalline metal of 
random orientation was calculated to be (11.079 + 
0.042) x 10° in. per in. per °C using the relation 
1/3(2a + a, ). This value is significantly greater 
(about 10 pct) than measured values on polycrystal- 
line metal and probably reflects the absence of grain 
boundary restraint. The volume coefficient of ex- 
pansion, 8, equals (33.24 + 0.08) x 10° (0 to 50°C). 


Discussion of Results 


Gordon’ has shown that the basal (0001) planes 
become parallel to the longitudinal axis of extruded 
rods with random orientation around the rod axis. 
Similarly with an extruded flat, metal parallel to 
the longitudinal direction should expand propor- 
tional to a, . This is borne out by the coefficients in 
table II for samples 4 and 5 which agree well with 
Gordon’s values for a,.° The effect of thermal 
cycling is slight, but annealing decreases the ex- 
pansion coefficient below 400°C. With increasing 
temperature, the coefficients for the transverse ex- 
truded metal did not agree well with previous data 
providing only an approximate confirmation of the 
preferred orientation determined from X-ray work. 

Beryllium shows no apparent hysteresis in ther- 
mal cycling. 

The marked decrease in oxygen content of the 
metal used in the present work had no significant 
effect on the expansion properties. 


Summary 


Linear thermal expansion coefficients for ex- 
truded and annealed polycrystalline beryllium have 
been listed in table III. The linear expansion co- 
efficient has been shown to be greater in ‘the direc- 
tion perpendicular to the hexagonal axis and inde- 
pendent of rotation about this axis. 
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Aging Characteristics of Magnesium-Lithium Base Alloys 


by P. D. Frost, J. G. Kura, and L. W. Eastwood 


Although magnesium-lithium base alloys have several desirable 
properties, they also possess certain undesirable characteristics, one 
of which is the tendency to overage at 150° to 200°F. This problem 
is discussed in the paper. Recently developed alloys, described in the 
paper, haye stability of properties at 200°F nearly equal to that of 

commercial magnesium alloys. 


i HE preparation and general properties of mag- 

nesium-lithium base alloys have been described 
in earlier papers.” * Lithium forms solid solutions 
with pure magnesium, lowers its density, and im- 
proves its formability. The improved isotropy and 
better formability of these alloys are attributed to 
the ability of lithium to convert the magnesium 
lattice from hexagonal (alpha phase) to body- 
centered-cubic (beta phase) structure. This change 
in structure is, however, accompanied by some 
limitations which make it difficult, if not impossible, 
to combine all the desirable properties in one com- 
position. The most important of these limitations is 
the tendency of the high-strength alloys to overage 
and lose strength at temperatures of the order of 


(150° to 200°F. 


A study was made of the effects of composition 
and heat treatment on the age-hardening character- 
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istics of the alloys. Stability of properties was deter- 
mined by hardness and tensile testing of the alloys 
at room temperature after various periods of ex- 
posure to elevated temperatures. 
Precipitation-hardening curves are shown for a 
number of magnesium-lithium-zinc alloys in fig. 1. 
All the alloys were solution treated at 700°F and 


~ aged at 200°F. The reason for using the drastic 


quench, toluene at —105°F, was to reduce the rapid 


— precipitation of the hardening phase which takes 


place at room temperature. _ 

Previous experience has shown that a hardness of 
about 90 to 95 Rockwell E is indicative of yield 
strengths in the range of 35,000 to 40,000 psi. This 
is a desirable strength level for magnesium-lithium 
base alloys with specific gravities of the order of 
1.65 or less. 

Although the hardness level is raised by large 
zine contents, a corresponding decrease in the cold 
formability of these alloys occurs with increasing 
zine content. Thus, alloys containing up to about 
10 pet Zn and having hardnesses of the order of 70 
to 75 Rockwell E may be bent over a very small 
radius; however, the 16 pct Zn alloy requires a bend 
radius of more than 8T. mabe 

The hardness relationships illustrated in fig. 1 can 


" be explained by the partial phase diagram shown in 


fig. 2. The zinc-free magnesium-lithium alloys are 
entirely body-centered cubic (100 pct beta phase) 
when the lithium content of the binary is 10.3 pet 
or higher. When zinc is added, the boundary be- 
tween the beta and alpha-plus-beta fields at 700°F 
is shifted to lower lithium contents. In addition, the 
solubility of zinc at 700°F decreases with decreasing 
lithium content. It is shown by a study of micro-- 
structures that the limit of solid solubility of zinc 
in the 6Mg/Li* matrix at 700°F is about 19 pct. It 

*In composing new complex alloys, it was often desirable to 
maintain a constant ratio of magnesium to lithium. Thus, a 6Mg/Li 
binary contains 14.3 pct Li and a 6Mg/Li-19 pct Zn alloy contains 


11.6 pet Li. However, in both cases the ratio of magnesium to 
lithium is the same. 


is believed from a study of the aging curves that 
this limit is about 2 to 3 pct at 200°F. 

Zinc additions up to about 2 pct increase the hard- 
ness and strength of the magnesium-lithium base 
solid solution. Larger additions of zinc effect further 
hardness increases, but precipitate during prolonged 
aging at 200°F. Alloys having 14 to 20 pct Zn pre- 
cipitation harden extremely rapidly during quench- 
ing, even when quenched in toluene at —105°F. The 
high-zine alloys overage at 200°F but are capable 
of maintaining reasonably high hardnesses for peri- 
ods up to 1000 hr. 
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Fig. 1—Effect of zinc content and prolonged aging 
at 200°F on the hardness level of several 6Mg/Li- 
Zn ternary alloys. 
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Fig. 2—Approximate phase relationship for one 

part of the Mg-Li-Zn ternary system at 700°F, as 

estimated from the microstructures of several 

alloys. Specimens were extruded, rolled, and solu- 
tion treated for 1 hr at 700°F. 


The aging curves of fig. 1 are similar, in general, 
to those of Mg-Li-Zn alloys having different ratios 
of magnesium to lithium. 

Although the high-zinc ternary alloys maintain 
fairly high hardness and strength levels following 
exposure to temperatures up to 200°F, they have, in 
general, poorer corrosion resistance and higher 
densities than the magnesium-lithium-aluminum 
base alloys described in the following sections. 


Age-Hardening Characteristics of Mg-Li-Al Alloys 


Aging curves for a few magnesium-lithium-alumi- 
num ternary alloys, solution heat treated at 700°F, 
are shown in fig. 3. Again, the hardness relation- 
ships shown here can in part be accounted for by the 
partial phase diagram shown in fig. 4. 
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Fig. 3—Effect of aluminum content and prolonged 

aging at 200°F on the hardness level of several 
6Mg/Li-Al ternary alloys. 
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Fig. 4—Approximate phase relationship for one 

part of the Mg-Li-Al ternary system at 700°F, as 

estimated from the microstructures of several 

alloys. Specimens were extruded, rolled and solu- 
tion treated for 1 hr at 700°F. 


The solid solubility of aluminum in the mag- 
nesium-lithium matrix at 700°F is less than that of 
zinc, and unlike zinc, the addition of aluminum 
shifts the boundary between the beta and alpha-beta 
fields toward higher lithium contents. The occur- 
rence of aging at 200°F indicates the limit of solid 
solubility of the aluminum phase at 200°F to be less 
than 1 or 1.5 pct in 5Mg/Li, 6Mg/Li, and 8.1Mg/Li 
base alloys. Aluminum is a more potent hardener 
than zinc on a weight percent basis but of the same 
degree on an atomic percent basis. Like zinc, alumi- 
num in sufficient quantities produces alloys which 
age rapidly and have high as-quenched hardnesses. 
The maximum hardness of the alloys occurs in the 
as-quenched condition when the aluminum content 
is slightly above 8 pct in the 5Mg/Li base, less than 
6 pct in the 6Mg/Li base, and less than 4 pct in the 
8.1Mg/Li base. Because of the rapid precipitation 
of the hardening constituent, these high as-quenched 
hardnesses cannot be suppressed even when the al- 
loys are quenched from 700°F into toluene at 
—105°F. The low-lithium, high-aluminum alloys 
have higher hardnesses after aging 1000 hr at 200°F 
than do the higher lithium alloys. There is little 
benefit gained by increasing the aluminum content 
above 6 pct. Apparently, the reason for this is that 
6 pct Al is close to the limit of solid solubility at 
700°F, as illustrated by fig. 4. 

Cubic alloys, such as those whose aging curves 
are shown in fig. 3, are not so stable at 200°F as 
alloys having a predominately hexagonal structure. 
In fig. 5, the 5Mg/Li-8 pct Al alloy, which contains 
body-centered-cubic beta phase plus undissolved 
aluminum-rich phase at 700°F, changes greatly in 
hardness over the 1000-hr aging period at 200°F. 
The 6Mg/Li-8 pct Al alloy, which also contains 
body-centered-cubic beta plus undissolved alumi- 
num-rich phase at 700°F, has a somewhat flatter 
curve. However, the 9.5Mg/Li-8 pct Al alloy, which 
contains beta phase, a large amount of hexagonal 
alpha phase, and a small amount of undissolved 
aluminum-rich phase, shows little variation in hard- 
ness during the aging period. 

The effect of quenching medium on the age- 
hardening characteristics of the alloys was studied. 
A low-temperature quench bath, such as toluene at 
—105°F, retards precipitation hardening in alloys — 
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of intermediate hardness, but has no effect on the 
as-quenched hardnesses of the very soft and the 
very hard alloys. Precipitation, if any, occurs so 
slowly in the soft alloys that the drastic quench is 
not necessary. On the other hand, precipitation is so 
rapid in alloys containing comparatively large quan- 
tities of aluminum or zinc that the low temperature 
of the toluene-quench bath does not arrest it. This 
was also found to be true even when specimens were 
quenched first in toluene at —105°F, immediately 
transferred to a liquid nitrogen bath, and held in 
this bath until a hardness measurement could be 
obtained. 

Some additional phase relationships in the mag- 
nesium-lithium-aluminum system are shown in fig. 
6. This figure was photographed from a publication 
by Shamrai.* In an earlier paper,’ the hardening 
agent in magnesium-lithium base alloys was tenta- 
tively established as MgLi,.X, where X may be zinc, 
aluminum, or certain other elements. The only 
three-component phase reported by Shamrai is 
Phase X, which he identified as Al.MgLi. He stated 
that his diagrams were not to be considered final, 
and indicated’ that additional three-component 
phases may be present in the vicinity of the Al,MgLi 
region. A few attempts to produce Al,.MgLi have 
_ been made in order to check Shamrai’s observa- 
tions. X-ray diffraction studies of one alloy con- 
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Fig. 5—Effect of lithium content on the hardness 
levels of several Mg-Li-8 pct Al alloys. 


taining 47 atomic pct Al, 24.5 atomic pct Mg, and 
28.5 atomic pct Li revealed the presence of a large 
amount of an unknown phase and a small amount 
of MgLi,Al. It is quite possible that the unknown 
phase corresponds to the compound Al,MgLi men- 
tioned by Shamrai. 


Aging Characteristics of Complex Mg-Li-Al Base 
Alloys 


— The magnesium-lithium-aluminum base alloys 

which contain sufficient lithium to render them 
body-centered cubic are of interest because of their 
extremely low density and good tensile properties. 

For example, in one condition of heat treatment, the 
- 6Mg/Li-6 pct Al alloy has tensile properties as 
shown in table I. These properties were obtained 
on forged and rolled %-in. plate, solution treated 
at 500°F, and aged % hr at 200°F. 

This alloy has a specific gravity of 1.44. 

A concerted effort was made to improve the 


Table I. Tensile Properties of the 6Mg/Li-6 Pct Al 


Alloy 
irecti Tensile Yield Tensile Ultimate Elongation 
se pe Strength, Strength, in 1 In., 
Tests psi psi Pet 
Longitudinal 37,000 40,800 10 
ieanoverse 38,400 42,300 2 


Mg,Li LINN 
ve Lon 


va re, 


Ne 


Mg AX SOOO WN AL 
- 7 ot 50 yi aA a zy 0 
A3Ma, 


<—— Atomic Percent Mg 
Fig. 6-—Isothermal section at 400°C (752°F) through 
the constitution diagram of the system Al-Mg-Li. 


The Li corner of the diagram is liquid. The phases shown are 
as follows: I—Solid solution of Li and Mg in Al. II—AlsMgo. 


II—AIMg. IV—AlzsMgs. V—Hexagonal solid solution of Al 
and Li in Mg. VI—MgeLi. VIN—AILiz IX—AILi. X— 
AlpMgLi. Figure reproduced from ref. 3. 


stability of properties of these all-beta magnesium- 
lithium-aluminum base alloys, but this effort was 
not successful. The effect of minor additions of 
slightly soluble elements was studied quite thor- 
oughly. Fig. 7 is indicative of the results obtained 
in this study. In the particular experiment de- 
picted by fig. 7, complex alloys containing 0.05 or 
0.10 pet of each of the alloying elements listed in 
the caption were studied. The compositional design 
embraced 27 alloys. The heavy dark line in fig. 7 is 
the aging curve of the 6Mg/Li-6 pct Al base alloy at 
200°F. The shaded area covers the range in which 
the hardnesses of the remaining alloys fell. 

A similar effect was observed for all other slightly 
soluble elements investigated. These included Fe, 
Co, Ni, Mn, Cr, Ti, Zr, Sb, Bi, Ce, V, and Be. 

The only elements which improve the hardness 
stability of the 6Mg/Li-6 pct Al base alloy are those 
which, like aluminum and zinc, are relatively solu- 
ble at elevated temperatures in the magnesium- 
lithium base. Such elements include silver, cad- 
mium, and mercury. Comparatively large quantities 
of these elements are required to raise the hardness 
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Fig. 7—Aging characteristics at 200°F of a series 

of 6Mg/Li-6 pet Al-Cu-Ca-Sr-Ba-Si-Sn-Pb alloys. 

Shaded area represents hardness range covered by 

individual aging curves for 27 alloys. Heavy curve 
‘is for the 6Mg/Li-6 pct Al base alloy. 
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Fig. 8—Effect of lithium content on the tensile 
properties and stability of Mg alloys containing 6.5 
pet Al. Specimens were water quenched from 800°F. 


level of the base alloy at the end of 1000 hr at 200°F. 
For example, an alloy containing 6Mg/Li-6 pct Al- 
5 pet Ag has a hardness of 86 Rockwell E at the end 
of 1000 hr, as compared with 74 to 76 for the 6Mg/ 
Li-6 pct Al alloy. It might be added that indium 
and thallium, like silver and cadmium, are also 
beneficial and have high solid solubility in the mag- 
nesium-lithium base. Because such large quantities 
of these expensive, heavy elements are necessary to 
produce the desired effects, they do not form alloys 
of much practical interest. 

Because the previously described methods of pro- 
ducing a satisfactory all-beta magnesium-lithium- 


aluminum base alloy were unsuccessful, attention 
was turned to alloys containing both hexagonal and 
body-centered-cubic phases. The fair stability of 
these alloys was illustrated by the aging curve for 
the 9.5Mg/Li-8 pct Al alloy, shown in fig. 5. 

Some mechanical properties and other data on the 
more stable magnesium-lithium-aluminum base al- 
loys will be described in the following pages. Fig. 8 
shows the effect of lithium content on the tensile 
properties of a magnesium-lithium-aluminum ter- 
nary alloy containing 6.5 pct Al. It also shows the 
effect produced on the properties by aging at 200°F. 
All the alloys shown in this figure contain some 
alpha phase. Heat 2476, containing 10 pct Li, is on 
the boundary between the beta and the alpha-beta 
region. The other alloys contain increasingly greater 
quantities of hexagonal metal because of their 
lower lithium contents. It will be noticed that the 
highest yield and tensile strengths were obtained in 
the alloys containing the largest amounts of lithium. 
Some liberty was taken in extrapolating the strength 
values of Heat 2476 in the quenched condition. This 
alloy was too brittle in this condition to obtain yield 
and tensile data. Values as high as those shown are 
not, however, uncommon in the magnesium-lithium 
alloy system. 

Additions of tin to a magnesium-lithium-alumi- 
num base containing 9.5Mg/Li-7 pct Al were found 
to increase the strength, and improve the stability 
at 200°F, and the resistance to stress-corrosion 
cracking. The tensile properties and stability of the 
9.5Mg/Li-7 pct Al-1 pct Sn alloy are shown in fig. 9. 

The microstructure of the 9.5Mg/Li-7 pct Al-1 
pct Sn alloy is compared with that of the same base 
alloy without tin in fig. 10. These alloys are charac- 
terized by a two-phase matrix consisting of body- 
centered cubic beta and hexagonal-alpha structures. 
The tin-bearing alloys usually contain a small 
amount of the undissolved tin-rich phase, which, in 
the micrograph, fig. 10, appears as small black 
particles. Upon aging at 200°F, a very fine, lamellar 
precipitate, shown in fig. 11, appears in the white 
alpha regions of these alloys. The presence of tin 
causes the formation of larger quantities of this 
precipitate than normally occur in the magnesium- 
lithium-aluminum ternary alloy. 

In alloys having tin contents of about 0.5 pct or 
under, additions of manganese markedly improve 
the tensile ductility, as shown in table II. The speci- 
mens referred to in this table were produced from 
0.064-in. extruded and rolled strip. They were 
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Fig. 9—Effect of aging at 200°F on properties of 

forged and rolled 0.065-in. sheet of the 9.5Mg/Li- 

7 pet Al-1 pet Sn alloy following 800°F solution 
treatment (Heat 2467). 


-1280—JOURNAL OF METALS, OCTOBER 1950, TRANSACTIONS AIME, VOL. 188 


ee Fig. 10—Microstructure of alloys. 


a. The 9.5Mg/Li-7 pct Al-1 pct Sn alloy, as quenched from 
800°F. Gray background is b.c.c. beta solid solution. White phase 
is hexagonal alpha solid solution. Black particles are undissolved 


tin-rich phase. b. Same alloy, aged 1000 hr at 200°F. Alpha 
phase is largely obscured by a fine lamellar precipitate be- 
lieved harmful to ductility. c. The 9.5Mg/Li-7 pct Al ternary 
alloy, as quenched from 800°F. d. Same alloy, aged 1000 hr 
at 200°F. Note that a smaller quantity of lamellar precipitate 
is present in d than b. (AIl specimens etched in 2 pct HF.) 
X100. 


solution treated 34 hr at 800°F, water quenched, 
and aged 20 hr at 200°F. 

The same improvement is not effected in the 
higher-tin alloys, and in the latter case manganese 
additions have an adverse influence upon the sta- 
bility of the properties of the alloy. 

Zinc, added to the alpha-beta magnesium-lithium- 
aluminum base alloys, with or without manganese, 
produces interesting tensile properties. Some of the 
best combinations of tensile properties and stability 
are found in alloys having a ratio of Mg/Li = 9. A 
few examples are given in table III. These proper- 
ties were obtained on rolled 0.064-in. sheet, 
quenched from 800°F and aged at 200°F. 

In order to maintain a yield strength above 30,000 
psi for 1000 hr at 200°F, substantial quantities of 
zine are required, and this is a disadvantage from 
the standpoint of weight. Thus, the specific gravity 
of the 9Mg/Li-5 pct Al-8 pct Zn alloy is 1.65, while 
that of the 9.5Mg/Li-7 pct Al-1 pct Sn alloy is only 
1.56.7 

Resistance to Stress-Corrosion Cracking: Some 
of the alloys described above were subjected to a 
stress-corrosion test in an industrial atmosphere. 
The type of fixture used is shown in fig. 12. Sheet 
specimens 0.065 in. thick were subjected to a bend- 
ing load which imposed a tensile stress in the outer 
fiber equal to 30 or 75 pct of the yield strength of 
the material. Control specimens of AZ31X-h sheet 


(Mg-3 pct Al, 1 pet Zn, 0.3 pet Mn alloy, hard 
ee eg 


4 The specific gravity of commercial AZ31X is 1.77. 


Fig. 11—Same struc- 
ture as shown in fig. 10d: 
Shows more clearly the 
lamellar nature of the 
precipitate in the alpha 
phase. Note also the fine 
unresolved pre- 
cipitate in beta phase. 
500. 


rolled) were used. The results are shown in table IV. 
Although the results given in table IV do not 
represent many tests, there is an indication that 
these particular magnesium-lithium base alloys may 
have resistance to stress-corrosion cracking nearly 
equal to that of the commercial alloy, AZ31X-h. 

Formability: Although many high-strength body- 
centered-cubic magnesium-lithium base alloys have 
good formability, the heat-treated alpha-beta alloys 
described above require large radii for forming at 
room temperature. However, in the hot-rolled con- — 
dition the bend test results shown in table V were 
obtained on sheet specimens 1% in. wide x 0.064 in. 
thick. 

Annealing the alloys does not improve their 
formability. However, they are amenable to warm 
forming, as may be seen from table VI. 

Both alloys suffer a loss in tensile strength during 
the warm-forming heat treatments. Results of a few 
tests are shown in table VII. 

The alpha-beta type alloys are easily hammer- 
and-press forged directly from the cast condition at 
600° to 700°F. Their optimum hot-rolling tempera- 
ture is about 700°F and their optimum extruding 
temperature is 600° to 650°F. 


Conclusions 
As shown in the preceding pages, two of the most 
promising types of high-strength magnesium- 


Table II. Effect of Manganese on Tensile Ductility of a 
Mg-Li-Al-Sn Alloy 


Tensile Yield Tensile Ultimate Elongation 
Intended Strength, Strength, in 2 In., 
Composition psi psi Pet 
9.5Mg/Li-7 pet Al- 31,900 43,500 4 
0.05 pct Sn 
9.5Mg/Li-7 pct Al- 32,800 43,300 9.5 


0.05 pct Sn-1 pet Mn 


Table III. Tensile Properties of Several Mg-Li-Al-Zn 


Alloys 
Elon- 
gation 
Aging Yield Ultimate in 
Intended Time, Strength, Strength, 21In., 
Composition Hr psi psi Pet 
9Mg/Li-7 pet Al- 20 36,900 52,900 4 
8 pct Zn-1 pet Mn 
9Mg/Li-7 pct Al- 1,000 34,400 49,500 1.5 
8 pct Zn-1 pet Mn : 
9Mg/Li-5 pet Al- 20 36,700 54,100 6.5 
8 pct Zn 
9Mg/Li-5 pct Al- 1,000 31,500 48,500 2,5 
8 pet Zn 
9Mg/Li-5 pct Al- 20 35,200 52,800 9 
8 pet Zn-1 pet Mn 5 
9Mg/Li-5 pct Al- 1,000 30,400 45,500 2.5 
8 pct Zn-1 pct Mn 
9Mg/Li-6 pct Al- 20 35,100 51,900 7 
6 pet Zn-1 pet Mn 
9Mg/Li-6 pct Al- 1,000 29,700 46,100 3 


6 pet Zn-1 pct Mn 
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Table IV. Resistance of Several Alloys to Stress Corrosion Cracking in an Industrial Atmosphere* 


No. of Applied Stress Avg. No. of Days Starting 
Material Speci- ny Date 
inens Pct Yield psi Before Failure 
i- Al- ts. 3 15 28,400 46 (Started 10-26-49) 
Oo eMeyLiL7 a ALS Det Sn 3 30 11,300 No failures (Started 10-26-49) 
= 2 75 24,900 55 (Started 10-26-49) 
IER 2 30 9,960 No failures (Started 10-26-49) 
i -16-50) 
9.5Mg/Li-7 pct Al-1 pct Sn 6 715 26,300 27 (Started 3 
Oo eMeLiy Tet Al sf 6 75 25,900 13 (Started 3-16-50) 
AZ31X-h 6 15 24,900 52 (Started 3-16-50) 
i- = 6 75 27,500 54 (Started 5-27-50) 
eke ieughes 6 75 24,900 63 (Started 5-27-50) 


* The magnesium-lithium base alloys were quenched from 800°F and aged 20 hr at 200°F. 
The AZ31X-h was exposed in the as-received (hard rolled) condition. 


Table V. Minimum Bend Radii Required for Hot- 
Rolled Alloys 


Table VI. Minimum Bend Radii Required for Warm 
Forming of Alloys 


Minimum Bend Hardness, Forming Minimum Bend 
Alloy Radius Rockwell E Alloy Temp, °F Radius 
9.5Mg/Li-7 pct Al-1 pet Sn 5-7T 80-82.5 9.5Mg/Li-7 pct Al-1 pct Sn 450 1-2T 
9Mg/Li-5 pet Al-8 pet Zn 10T 88 500 Ly 
“4, : : 9Mg/Li-5 pet Al-8 pet Zn 300 2-3T 
lithium base alloys at the present time are as fol- 8/ > 350 1-2T 
450 ne 


lows: 
1. 9.5Mg/Li-7 pct Al-Sn 
Pe 9Mg/Li-Al-Zn 


These alloys are fairly satisfactory from the stand- 
points of material cost and stability at 200°F. Pre- 
liminary data indicate that they also possess fair 
resistance to corrosion. Alloys of this type are 
somewhat more notch sensitive than existing mag- 
nesium-base alloys and may require improvement 
in this respect. They might also be improved with 
respect to room-temperature formability. However, 
they are amenable to warm forming. 

Ingots of these alloys are easily hammer-and- 
press forged at 600° to 700°F. They can also be 
rolled and extruded at these temperatures. 


Fig. 12—Stress-corrosion fixture used in testing the 
9.5Mg/Li-7 pet Al-3 pet Sn alloy. 


Specimens 0.065 in. thick were subjected to a bending load 

equal to 75 pet of their yield strength. Exposure mediuin: 

industrial atmosphere. The weights are normally covered by 
a panel. 


Table VII. Effect of Warm-Forming Temperatures on 
Tensile Properties of Alloys 


Elon- 
gation 
Alloy Condition Yield Ultimate in 
Strength, Strength, 2In., 
psi psi Pet 
9.5Mg/Li-7 pct Al- As aged 10 hr 35,500 47,000 7 
1 pet Sn at 200°F 
9.5Mg/Li-7 pct Al- Formed at 450°F 28,400 42,700 5 
1 pet Sn 
9Mg/Li-5 pct Al- As aged 20 hr 36,700 54,100 6.5 
8 pct Zn at 200°F 
9Mg/Li-5 pet Al- Formed at 350°F 34,200 45,000 1 
8 pet Zn 
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Technical Notes 


Activity of Liquid Silver-Silicon Alloys 


by H. M. Schadel, Jr., G. Derge, and C. E. Birchenall 


XISTING distribution data* for silicon between 
liquid iron and silver at steelmaking tempera- 
tures, 1500° to 1600°C, has made activity relation- 
ships in liquid silver-silicon alloys desirable as a 
method of determining the silicon activity in molten 
iron. 
To this end, through the use of radioactive Ag™ 


and the molecular beam technique described in a 
previous paper,’ the vapor pressure of silver as a 
function of temperature has been measured over 
three silver-silicon alloys containing 3.9, 9:3, and 
15.4 atomic pct (eutectic composition) silicon. The 
technique was that described for pure silver with 
the exception that a porcelain liner was used inside 


1282—JOURNAL OF METALS, OCTOBER 1950, TRANSACTIONS AIME, VOL. 188 


the tantalum oven. A preliminary rerun of pure 
silver in the porcelain gave excellent agreement with 
the vapor pressure curve established by the earlier 
work. 

A sample curve of the data obtained for the vapor 
pressure of silver in the 15.4 atomic pct silicon alloy 
is given in fig. la. The pressure for silver in an ideal 
solution of this same composition is also shown. 
Similar curves were obtained for the 3.9 and 9.3 
atomic pct alloys. Fig. 1b shows smoothed curves of 
the activity coefficients referred to pure liquid silver 
for three arbitrary temperatures within the range 
of this investigation. For the compositions used, as 
dictated by the equilibrium diagram,’ the experi- 
mental error is appreciable compared with the de- 
viations from ideality. This is especially so for the 
more dilute alloys at the higher temperatures. It is 
to be noted that the positive deviations indicate an 
appreciable solid solubility of silicon in silver con- 
trary to the silver-silicon phase diagram reported 
by Hansen. 
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and C. E. BIRCHENALL, Junior Member AIME, are 
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From the data presented, it is evident that the de- 
viations from ideality will be negligibly small for 
the distribution studies made at 1500° to 1600°C with 
the silicon concentration in silver always less than 
5 atomic pct. 


References 


*Y. H. Chou: Distribution of Certain Alloying Ele- 
ments between Liquid Iron and Silver. Doctorate 
Thesis, Department of Metallurgy, Carnegie Institute 
of Technology, 1947. 

2H. M. Schadel, Jr., and C. E. Birchenall: The Vapor 


ACTIVITY COEFFICIENT 


3, 
oy 


VAPOR PRESSURE OF AG, MM OF HG 
NI 


x 
+ 


ite} 


9.0 asses EX) 75 
JT «10% °K 


Fig. la—Curve for vapor pressure of silver in 15.4 
atomic pct silicon alloy. 


| | 

124 ail | 

950°C 

[| 

1G = 
1 oe 

10502 
100 


10 5 
COMPOSITION, AT % S) 


Fig. 1b—Smoothed curves for activity coefficients 
: of silver. 


Pressure of Silver. Trans. AIME, 188, 1134; Journal 
of Metals (Sept. 1950) TP 2911E. 

*M. Hansen: Der Aufbau der Zweistofflegierungen. 
1936. Berlin. J. Springer. 


Crystallography of the Sigma Phase 


by Paul Pietrokowsky and Pol Duwez 


ECENTLY a comprehensive investigation of the 

various sigma binary alloys was published by 
Duwez and Baen.’ It was shown that the following 
conditions are necessary for the formation of the 
sigma phase: (1) the difference in atomic diameters 
_of the two alloying metals must not be more than 
about 8 pct; (2) of the two elements which form 
sigma, one must exhibit a body-centered cubic 
structure while the second metal must be face- 
_ centered cubic, at least in one of its allotropic forms. 
In addition, a tetragonal unit cell was proposed and 
powder patterns of six sigma phases were indexed 
for d spacings greater than 1.640 kx. Since the in- 


dexing, based on tetragonal symmetry, led to only~ 


fair agreement, the possibility of sigma being 
orthorhombic was investigated. Various methods 
for indexing orthorhombic powder patterns are de- 
ea iy ae sanan = acc ie a mine cee Ee een S 
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scribed in the literature.” The method used in this 
investigation was a graphical examination of the 
differences in values of sin’ @ for the adjacent lines 
of the powder diffraction pattern. This method led 
to a complete indexing of the Cr-Co (60-40) pat- 
tern. Because of the strong similarity between the 
various sigma alloys, it was then possible to assign 
indexes to the patterns of Fe-Cr (50-50), Fe-Cr-Mo 
(30-30-40), Fe-V (50-50), Co-V (50-50), and Ni-V 
(50-50). 

The values of sin’ 6 and indexes of the six sigma 
alloys, together with visually estimated intensities, 
are presented in table I. In general, the similitude 
between the six patterns is quite good. For spacings 
greater than 1.75 kx a few differences are noticeable. 
In the Ni-V pattern, no (320) exists and the two 
strong lines (030) and (031) are separated by only 
two lines of lower intensity, unlike any of the other 
sigma patterns. However, very little is known about 
the Ni-V phase diagram and it is possible that the 
equal atomic percentage composition in this system 
lies in a two-phase region. At lower spacings there 
is a close analogy between the patterns. The planes 
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Table I. Orthorhombic Indexing of Various Sigma Alloys 


Cr-Co Fe-Cr-Mo Fe-Cr Fe-V Co-V Ni-V 
sin? sin? sin? sin? sin? sin2 sin? sin2 sin? sin2 sin? i 
hkl 0, 6, 6, 0; 0, 0, 4, Qs Or ie os Caleu- 
Ob- Caleu-| Ob- Calcu-| Ob- Calcu-| Ob- Calcu-| Ob- Calcu- (0) a eer 
served lated | served lated |served lated | served lated |served lated | serve ate 
0777 vw 0.0786 
011 |0.0814 vw 0.0842 0.0812 vw 0.0793 | 0.0788 w 0.0802 | 0. 
0.0943 vvw _— 0.0962 | 0.0964 vw 0.0956| 0.0949 vvw _—0.0960 
Pinetree 0.1060 vvw 0.1024 
301 Keates yet gen ta Pies 0.1274 vw 0.1162 | 0.1199 w 0.1150 
002 0.1845 vw 0.1844 0.1790 vw 0.1816 
102 0.2088 vw pis hoe eos 
01 i : Wo 0.2155 | 0.2344 vw 0.22 VVW i 
020 pases oebakA lain ae 0.1259 vvw _— 0.1304] 0.1358 vvw _— 0.1328 | 0.1341 w 0.1328 
ait 0.1441 vvw _—0.1494| 0.1480 vw 0.1482 
0.1480 vvw 0.1473 0.1541 w 0.1502 
400 0.1563 vvw _—0.1557| 0.1563 vw 0.1566 
221 +=+|0.2556 w 0.2541) 0.2324 m 0.2345 | 0.2533 m 0.2534 | 0.2446 w 0.2446 | 0.2489 m 0.2490 | 0.2446 m 0.2478 
202 |0.2697 vw 0.2708] 0.2425 w 0.2485 | 0.2649 vw 0.2640 oan 
400 |0.2824 vw 0.2752] 0.2556 w 0.2560 | 0.2798 vw 0.2784 0.2797 m ‘ 
320 0.2893 s 0.2896, 0.2661 s 0.2684 , 0.2891 s 0.2918 | 0.2811 s 0.2825 , 0.2850 s 0.2885 
030 = |0.3070 m 0.3089] 0.2811 m 0.2799 | 0.3061 m 0.3042 | 0.2932 m 0.2934 | 0.3017 m 0.2988 | 0.2989 s 0.2988 
130. = |0.3231 m 0.3205] 0.2954 m 0.2959 | 0.3202 m 0.3216 | 0.3106 m 0.3103 | 0.3167 m 0.3161 | 0.3106 vw 0.3162 
321 |0.3405 m 0.3401] 0.3112 m 0.3145 | 0.3374 m 0.3404 | 0.3270 m 0.3292 | 0.3336 m 0.3305 | 0.3264 m 0.3348 
031 |0.3534 s 0.3538] 0.3237 s 0.3260 | 0.3523 s 0.3528 | 0.3394 s 0.3401 | 0.3468 s 0.3458 | 0.3401 s 0.3442 
131 0.3701 m 0.3710) 0.3398 m 0.3420 , 0.3697 m 0.3702 , 0.3563 m 0.3570 | 0.3635 m 0.3631 | 0.3533 vw 0.3516 
312 10.3911 w 0.3905] 0.3567 m 0.3595 | 0.3885 w 0.3848 | 0.3756 w 0.3715 | 0.3830 w 0.3769 | 0.3777 vw 0.3714 
231 |0.4253 w 0.4226] 0.3889 w 0.3900 | 0.4228 w 0.4224 | 0.4083 w 0.4077 | 0.4171 w 0.4150 | 0.4097 vw 0.4138 
402 |0.4766 vw 0.4752 0.4720 vw 0.4728 | 0.4597 vw 0.4572 0.4586 vvw _— 0.4600 
113. (|0.5055 vw 0.5054 0.4586 vvw _— 0.4542 
420 0.4647 vw 0.4648 
601 0.6260 m 0.6221 
322 10.4895 vw 0.4916 0.4871 vw 0.4862 | 0.4709 vw 0.4693 | 0.4794 vw 0.4765 | 0.4725 vvw _— 0.4694 
203 0.5048 vw 0.5070 | 0.4876 vw 0.4879 | 0.4967 vw 0.4922|0.4725 vvw _—0.4702 
213 |0.5584 w 0.5564 | 
140 10.5584 w 0.5564 
041 +# |0.5895 w 0.5897 
431 0.6356 vw 0.6312 
332 0.6501 vw 0.6552 
340 |0.6955 vw 0.6940| 0.6383 m 0.6416 | 0.6914 vw 0.6974 
611 0.7131 w 0.7034, 0.6584 w 0.6532 : 
521 |0.7173 vw 0.7153 0.6191 vw 0.6123 
341 |0.7458 w 0.7445| 0.6805 m 0.6877 | 0.7424 vw 0.7460 | 0.7205 w 0.7204 | 0.7314 vw 0.7339 
323 =-|0.7458 w 0.7441] 0.6805 m 0.6833 | 0.7194 w 0.7292 
133. -|0.7736 vw 0.7750| 0.7173 vw 0.7108 
531 0.7881 vw 0.7838 
004 0.7760 m 0.7776 
233 + =|0.8306 m 0.8266] 0.7623 m 0.7588 
621 |0.7992 vw 0.8045 0.7980 vw 0.8102 0.7992 vw 0.8026 | 0.8055 w 0.8046 
602 10.8306 m 0.8266 0.8264 vw 0.8208 | 0.8019 m 0.7952 | 0.8158 vw 0.8108 | 0.8055 w 0.8080 
050 0.8481 w 0.8425) 0.7770 w 0.7775 | 0.8455 m 0.8450 ; 0.8183 w 0.8150 0.8301 w 0.8300 
700 |0.8481 w 0.8428 0.8529 vw 0.8526 
204 0.8183 w 0.8148 ; 0.7930 m 0.7960 
423 0.8529 vw 0.8510 0.8196 m 0.8148 
150 =+|0.8601 m 0.8597] 0.7876 m 0.7935 | 0.8628 m 0.8624 | 0.8314 w 0.8319 | 0.8435 vw _—_— 0.8473 | 0.8475 w 0.84.74 
SAE Og a CI A a RRS Oe UNC TEESE SNE aS Siete laid 2 Nh Se Sa ed Soest te EE 
710 {0.8601 m 0.8600 0.8669 w 0.8607 | 0.8828 vw 0.8809 | 0.8842 w 0.8858 
214 0.8462 w 0.8474 
441 |0.8646 w 0.8649] 0.8052 w 0.7997 | 0.8699 w 0.8678 0.8586 vw 0.8550 
423 |0.8646 w 0.8645 
204 10.8770 m 0.8768 
342 0.8988 m 0.8960) 0.8269 m 0.8260 0.8669 w 0.8605 
333 |0.9118 m 0.9126] 0.8372 w 0.8388 | 0.8960 m 0.8982 | 0.8669 w 0.8658 
024 0.8372 w 0.8388 | 0.9077 m 0.9128 | 0.8798 vw 0.8776 | 0.8828 vw 0.8848 
630 0.8522 vw 0.8559 | 0.9275 m 0.9306 
205 | 0.8974 vw 0.8993 
AE RIL AS ig TES OR EL Slee ET EE Ae Rc RL RUE ced Oe AA de ole ites 
250 0.9019 : 
532 0.9326 m 0.9353| 0.8682 vw _— 0.8643 0.9004 vw _—-0.9027/0.9157 vw _—0.9 193 Ve ae 
603 0.9233 w 0.9252 
711 0.8682 vw 0.8612 | 0.9485 w 0.9350 | 0.9157 vw 0.9074 | 0.9328 vw 0.9279 | 0.9328 w 0.9312 
622 10.9495 m 0.9460! 0.8850 w 0.8848 | 0.9580 w 0.9560 | 0.9279 vw 0.9293 | 0.9438 vw 0.9436 
304 {0.9624 m 0.9628] 0.8850 w 0.8816 10.9004 vw 0.8993 5 
251 0.9624 m 0.9618 0.9279 vw 0.9293 | 0.9438 vw 0.9462 


s = strong, m = medium, w = weak, vw = very weak, vvw 


(341), (050), (150), (441), (711), and (622) appear 
to be common to most of the alloys. It is also ap- 
parent from the data given in table I that the pat- 
terns of the three vanadium alloys, which are very 
similar to each other, have rather definite deviations 
from the patterns of the three other compounds. 
Further work on the structure of the sigma phase 
may uncover the reasons for the observed dis- 
crepancies. 

On the basis of the information in table I, the 
dimensions of the unit cell of sigma in the Fe-Cr 
(50-50) alloy are: a 8.66 kz, b=. 6.21 kx,.<and 
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very, very weak. 
$$ 


¢ = 5.18 kx units. From this data, in which no cor- 
rection for absorption has been made and taking the 
density p = 7.600 + 0.005 (ref. 1), the calculated 
number of atoms per unit cell is 23.82. 
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Hydrogen Embrittlement of SAE 1020 Steel 


by J. B. Seabrook, N. J. Grant, and Dennis Carney 


Hot-rolled SAE 1020 steel, machined into tensile test bars was cath- 
odically charged with hydrogen. Vacuum tin-fusion analysis provided 
accurate values of hydrogen at the desired moment. True stress-true strain 
tensile tests with and without aging of the test bars and at yarious strain 

rates indicate the role of hydrogen as an embrittling agent. 


T is unnecessary to review much of the literature 

on hydrogen embrittlement of steel since several 
excellent reviews and bibliographies exist.** Hot 
acid pickling and cathodic charging have been known 
to cause hydrogen embrittlement of steel and have 
been used as laboratory methods to charge steels 
with hydrogen.** 

Experimental Procedure 


The problem of prime concern in all instances, 
except in the work of Sims and coworkers,” is that 
at no time was there a definite known hydrogen 
value reported which could be related to a particular 
value of the degree of embrittlement. It was the 
purpose of this research to determine the relation- 
ship between hydrogen content and degree of em- 
brittlement quantitatively. 

The 1020 stock used for the specimens was hot- 
rolled 7/16 in. diam rod of the following analysis: 
0.19 pet C, 0.40 pct Mn, 0.012 pct P, 0.036 pct S. 
Vacuum-fusion analyses for nitrogen and oxygen 
gave 0.014 pct O, and 0.0011 pct Nz. 

Cathodic charging was used to cause embrittle- 
ment. The advantages of this method were that no 
quenching was necessary, the impregnation was 
reasonably controllable, and representative samples 
for analysis could be prepared simultaneously with 
the charging of the tensile bars. ; 

Analyses for hydrogen were made in a vacuum- 
fusion type of apparatus which extracted gas from 
the samples by fusion in a molten tin-iron bath. 
This apparatus, which has recently been described 
in detail elsewhere, will not be discussed here.” 


- Consecutive samples can be analyzed every 15 min 


\ 


with an accuracy of 0.03 ppm. A sample from an 
electrolytic or pickling bath can be charged for 
analysis in about 3 min, and analysis completed in 
15 min. ; 

Samples of as-received 1020 stock were analyzed 


and found to contain a negligible amount of hy- 


drogen (0.06 ppm). 
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Preliminary pickling and electrolytic charging 
gave highly variable results. Cold-worked samples 
showed higher values but ranged from 0.6 to 6.0 
ppm of hydrogen. Charging at 90°C gave higher 
values of charged hydrogen, but troublesome films 
on many of the specimens resulted. 

It was not until a few drops of a catalytic poison, 
prepared from 2 g of yellow phosphorus dissolved 
in 40 ml of carbon disulphide,* was added to the 
electrolytic cell that fairly consistent high values of 
hydrogen could be charged into the as-received 1020 
steel at room temperature. 

The cell used is sketched in fig. 1. The anode and 
fixture for the tensile specimens were fastened to 
the cell cover as shown, and the specimen was 
screwed in place, centrally located with respect to 
the anode. At first, anodes of lead and graphite were 
tried, but they contaminated the electrolyte and 
gave a slight deposit on the specimen. Later, a plati- 
num wire was used in the form of a uniform helix. 
A current of 2 amp, corresponding to about 0.5 amp 
per sq in. of cathode, was used for most specimens. 
The electrolyte was 4 pet H.SO, solution. 

Fig. 1 shows the form of the special tensile bar, 
the main portion of which was an ordinary % in. 
diam, 1 in. gauge length test bar, except that two 
to four small cylinders of stock were left attached 
by small links to the bottom end of the tensile bar 
for the purpose of providing samples for hydrogen 
analysis. Thus the bars and samples were charged 
with hydrogen simultaneously and an analysis could 
be made while the bar was being tested mechani- 
cally. Experiments were performed to determine 
how representative the test cylinders were of the 
middle of the test bar proper. While the bar center 
was being analyzed, the small cylinder was stored 
in dry ice, since it had been shown that such storage 
prevents loss of hydrogen for many hours.” 

The results of these checks are shown in table I. 
The checks are very good (0.3 ppm) and indicate 
that it is permissible to use the small end cylinders 
to establish the hydrogen content of the tensile test 
bar proper. 


Table I. Comparison of H, Content of Cylindrical End 
Samples and Centers of Tensile Bars, H, in ppm 


Center of Bar End Sample 
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Fig. 1—Electrolytic cell arrangement for cathodic 
charging of hydrogen. 


True stress-true strain tensile tests were made on 
the charged tensile bars. The true strain rate was 
kept as constant as feasible throughout the inves- 
tigation (at 0.05 per min) except for the runs in 
which the effect of strain rate was examined. A 
rate of 0.05 per min gave a convenient length of test 
time in which to make strain measurements. By 
keeping the strain rate constant, the loss of hydrogen 
should have been more nearly the same in all the 
bars for the same amount of true strain. 

A separate series of specimens with three cylin- 
drical end samples attached were charged and held 
for various times after charging. Analysis of one end 
sample of each bar was made immediately after 
charging to establish the initial hydrogen content, 
and analysis of another sample from each bar was 
made at the time of the tensile test. Holding times 
of 6 min, 1 hr, 6 hr, and 24 hr were used before 


HYDROGEN PICK-UP (PPM) 


0 30 60 90 120 150 
CHARGING TIME — MINUTES 


Fig. 2—Hydrogen pickup as a function of time of 
cathodic charging. 


making some of the tensile tests; these tests are 
referred to as aged tests in this paper. 

A series of bars with nearly the same high hy- 
drogen content were pulled at different strain rates 
to check on the effect of strain rate. Rates of 0.01 to 
6.0 per min were used. 

Several specimens were cathodically charged for 
Y% hr, after which one portion was analyzed for hy- 
drogen while another was placed under a mercury 
column to collect any evolved gas. 

Finally, an attempt to detect an increase in hard- 
ness of fully charged specimens was made. A piece 
of the 1020 stock was charged to produce maximum 
embrittlement. Hardness readings were taken be- 
fore and after charging along the same line of one 
flat side. 


Experimental Results 


Reproducibility of Cathodic Charging: Without 
the use of a catalytic poison, the maximum hydrogen 
charged in hot-rolled 1020 steel was about 3 ppm, 
but with a poison® “ as much as 14 ppm entered the 
steel. Once it was apparent that a poison was neces- 
sary to achieve appreciable charging power in the 
cathode cell, tests were conducted to determine the 
reproducibility of the charging method. Fig. 2 shows 
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Fig. 3—Hydrogen content vs. elongation and reduc- 
tion of area (from tensile tests). 


X Tests pulled about 3 min after charging. 
@ Charged with >6 ppm of hydrogen, then aged up to 24 hr 
before testing. 


the hydrogen values obtained for samples charged 
in a 4 pct H.SO, solution, at room temperature, for 
various times. Analyses were performed in all in- 
stances within 3 min after cathodic charging. 

Fig. 2 shows the rather poor reproducibility of 
charged hydrogen when time alone is used as a 
measure of the hydrogen content. 

An attempt to check the usefulness of the tech- 
nique of collecting hydrogen. under a mercury 
column resulted in a value of 8 cc of gas per 100 g 
of metal which checked poorly against a value of 
1 ppm (1.1 cc per 100 g) obtained in the analytical 
apparatus. Frequent large values of total gas led to 
the conclusion that the method of collecting gas 
under a mercury column is subject to frequent large 
errors and that the method is not always of analyti- 
cal stature. 


Effect of Hydrogen on Ductility in Tensile Tests: 
Fig. 3 shows the decrease in ductility (elongation 
and reduction of area) for charged tensile bars when 
such bars were tested about 3 min after charging 
(the X points). The ductility decreases sharply toa 
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As 


value of 20 pct elongation (and reduction of area) 
at about 5 to 6 ppm of hydrogen. 

For hydrogen contents greater than about 6 ppm, 
no further decrease in ductility occurs. These data 
are in good agreement with the results of Sims 
et al” A second set of test bars was charged to con- 
tain greater than 6 ppm of hydrogen (maximum 
embrittlement) but were permitted to age at room 
temperature in air for up to 24 hr before testing. 
The ductility values from these tests (plotted as e 
points) fit essentially the same curve that satisfies 
the unaged tests. 

In none of the tests shown in fig. 3 was there evi- 
dence of an embrittled outer zone. The fractures 
were uniform across the cross-section but differed 
from each other as the degree of embrittlement in- 
creased. 


Rate of Hydrogen Evolution: Fig. 4 shows the 
values of retained hydrogen as a function of the 
original charged hydrogen content and the holding 
time at room temperature. Since four analytical end 
specimens at the most were available, the number 
of analyses which could be run was limited. The 
drop-off is very rapid during the first 3 or 4 hr, after 
which the remaining hydrogen diffuses out very 
slowly and is not all out after 72 hr. Apparently the 
rate of loss of hydrogen is not entirely dependent 
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Fig. 4—Hydrogen evolution at room temperature 
as a function of holding time. Linear coordinates. 


on the original or charged hydrogen. In two instances 
there appeared to be a holding period. A sample 
with 9.2 ppm initially was losing hydrogen more 
slowly after 4 hr than a sample originally contain- 
ing 4 ppm. 

In view of the very high rate of hydrogen loss 
usually observed during the first half hour after 


_charging, it is obvious that analysis must be per- 


formed in the shortest possible time after charging. 


_Even a 5-min hold after charging may result in an 


appreciable loss of hydrogen. 


True Stress-True Strain Relationships and Hard- 
ness: True stress-true strain plots are shown in fig. 


5. Data for all the specimens are not plotted, but 


typical results are shown. Points for untreated and 
low hydrogen specimens fit one curve, while high 


hydrogen specimens gave a curve somewhat above 


this, as shown. 

It is observed that higher true stress-true strain 
curves are found for the high hydrogen specimens. 
Hardness tests which were made less than 1 min 
after charging failed to show any hardness increase 
in the most embrittled test pieces, even including 
those showing surface bursts. Since the higher hy- 
drogen test bars were as much as 6000 psi (in engi- 
neering tensile strength) above the untreated and 
low: hydrogen curves, this difference in tensile 
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Fig. 5—True stress-true strain tensile curves for 
various hydrogen contents. 


strength indicates there ought to be a hardness dif- 
ference of about seven Rockwell B points, using the 
usual relation between tensile strength and hard- 
ness. 

Halves of two tensile bars, one untreated and one 
embrittled the maximum amount, are shown in fig. 
6. It may be seen that the embrittled bar surface is 
covered with small bursts and pimples. Not all of 
the embrittled and not all of the high hydrogen 
specimens had such surfaces, but all of those that 
did contained more than 4 ppm of hydrogen. Sev- 
eral specimens had tiny pimples on the surface as 
soon as a few seconds after removal from the cell. 

Micrographs of bursts from embrittled specimen 
are shown in fig. 7 where it may be seen that sur- 
face metal was literally exploded outward. Such 
ruptures were found at the surface all along the 
specimen. In fig. 7a a rupture may be seen which 
apparently occurred within a ferrite grain. This 
location of ruptures well within ferrite grains was 
observed in many instances. Otherwise, the ruptures 
and fractures could not be classed as intercrystalline 
or transcrystalline. 

Effect of Strain Rate on Ductility: Results of the 
variable strain rate tests on the reduction of area 
values are plotted in fig. 8. All test bars were initially 


Fig. 6—Halves of untreated and hydrogen im- 
pregnated specimens. X2. 
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charged with greater than 6 ppm of hydrogen (maxi- 
mum embrittlement). For these high hydrogen speci- 
mens, the ductility was not a function of the true 
strain rate at low rates, but an appreciable effect 
was indicated for the fastest rates obtainable on the 
tensile machine. This is contrary to previously re- 
ported work.’ 

The strain rate data show that over the usual 
range of testing speeds there is no large effect of 
strain rate for this steel. At very high strain rates 
(in the neighborhood of 5 to 10 per min), the em- 
brittling effects of hydrogen are minimized. This 
strain rate effect suggests why hydrogen embrittle- 
ment has not been detected in impact tests. 


Discussion of Results 


The presence of hydrogen, probably as monatomic 
hydrogen, does not of itself guarantee embrittlement 
as evidenced by the following: 

1. There is no increase in hardness as the hy- 
drogen in the hot-rolled steel increases. 

2. There is no permanent damage to the hot- 
rolled steel due to an initial high hydrogen content. 
Fig. 3 shows that the ductility can be recovered, if 
the hydrogen diffuses out. 

Under conditions of. strain, however, the hydrogen 
can cause embrittlement. The initial absence of a 
hardness increase but the evidence of a maximum 
stress increase supports this idea (fig. 5). Possibly 
the hydrogen may do this by forming molecular hy- 
drogen under conditions of strain, and by segregat- 
ing at or in defects causing large pressures to be 
exerted. 


Fig. 7—Micrographs of embrittled specimen. X100. 
a, upper; b, lower. 
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Fig. 8—Reduction of area vs. true strain rate for 
test bars having greater than 6 ppm of hydrogen. 


The strain rate tests further indicate that at very 
high strain rates, the hydrogen does not have time 
to diffuse and combine into molecular hydrogen. As 
a result, the higher strain rate tests show very little 
embrittlement. Strain rates approaching the impact 
rates would show no embrittlement, whereas the 
slower tensile test strain rates show maximum em- 
brittlement. 

Conclusions 


For this hot rolled 1020 steel: 

1. Cathodic charging of hydrogen aided by an 
electrolyte poison, is rapid but is not readily re- 
producible, based on time of charging alone. 

2. There appears to be no permanent damage to 
the metal lattice of an annealed steel by high values 
of charged hydrogen, and the mechanical properties 
are dependent on the actual hydrogen content at the 
time of the test. 

3.. At about 5 ppm of hydrogen, a minimum is 
reached in the elongation and reduction of area. 

4. Hydrogen diffuses from the charged samples 
rapidly during the first 3 or 4 hr but is not all out 
after 72 hr. The initial hydrogen content does not 
appear to control the rate of hydrogen loss. 

5. True stress-true strain curves show small 
changes with increasing hydrogen. There is a gain 
of about 6000 psi in engineering tensile strength, but 
this is not indicated by prior hardness measure- 
ments. \ 

6. As the strain rate increases less embrittlement 
is noted. At rates of less than about 0.5 per min, 
maximum embrittlement results; whereas at rates 
greater than about 5 per min, it appears that pro- 
gressively less embrittlement will be noted. 

7. It is indicated that a-certain minimum strain 
is necessary to cause embrittlement in hydrogen 
containing steels. This strain is greater than the 
elastic or yield strain for 1020 steel. 
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Hydrogen Elimination by Aging 


by GE. Sims 


N an earlier paper by Sims, Moore, and Williams,* 

data were given to show that hydrogen contents 
of 0.3 relative volume (0.00033 wt pct), existing at 
the center of 4-in.-square cast-steel coupons, could 
be removed by aging at 400°F for 125 hr. At the 
end of that time, complete restoration of normal 
ductility for the steel was obtained. Replicate speci- 
mens of the same steel were aged at room tempera- 
ture up to 555 days or 18% months. At the end of 
that time, the hydrogen content at the center had 
fallen to 0.13 relative volume or 0.00015 wt pct, but 
there was no perceptible change in the ductility. 

On the basis of experience with accelerated aging 


of 1-in. and 4-in. coupons and room temperature . 


aging of 1l-in. coupons, it was predicted that, some 
time after two years and when the hydrogen content 
has been reduced to about 0.10 relative volume, 
there would be some recovery of ductility. One set 
of three bars remained, and these were held for 1310 
“days, or more than three years. Then tensile test 
bars were cut from the center, and these bars were 
sampled for hydrogen analysis at the time they were 
broken. The sample specimens were cylinders % in. 
~in diam x 1% in. in length. The data showed that 
in this time the average hydrogen content had fallen 
to 0.096 relative volume or 0.00011 wt pct, and the 
ductility had increased sharply. Elongation had 
risen from 10 to 17.3 pct, while reduction of area 
increased from about 16 to 27.5 pct. On the basis of 
these data, fig. 1 was drawn to replace fig. 15 of the 
earlier paper. Extrapolation of the curves of fig. 1 
indicates that it would require a period of about 
2200 days or approximately six years at room tem- 


C. E. SIMS, Member AIME, Battelle Memorial Insti- 


tute, Columbus, Ohio. 
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Fig. 1—Change in hydrogen content and ductility 

with time for center of 4-in. coupons aged at room 

temperature. Data plotted are averages of three 
tests. 


perature to reduce the hydrogen to the minimum 
value and to recover full ductility in the center of 
the coupons. 

The aging process apparently involves the move- 
ment of hydrogen from the interior to the surface of 
the bar and evaporation at the surface. This flux of 
gas presumably follows some diffusion mechanism, 
and an effort was made to use the aging data, ob- 
tained at room temperature and at 400°F, to calcu- 
late coefficients of diffusion, in the hope that they 
might indicate the nature of the diffusion. The 
conclusion was reached, however, that the data were 
inadequate for such a purpose. 

Hydrogen on the Ductility of Cast Steels. Transactions AIME 


(1948) 176, 283; Metals Technology (Oct. 1948) TP 2454C. 
pesca SP ss See 
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A Simple Torsion Pendulum for Measuring Internal Friction 


by M. E. Fine 


ibe the apparatus for measuring internal friction 
shown in fig. 1, a modification of that described 
by Ké,” * the parasitic energy loss or background is 
equivalent to a Q” of approximately 4x10°. This 
low value of background was obtained by using a 
jeweler’s collet_of appropriate size for the upper 
support, eliminating lateral motion without immers- 
ing the bob in oil, and designing the bob to reduce 
air resistance. The pendulum is supported on the 
frame through a snug fitting, sliding rotary joint 
(fig. 1-B). A slight twist of the top imparts essen- 
tially pure torsional motion to the pendulum. No 
evidence of energy loss in the sliding joint has been 
observed. In the bob (E) steel balls are used in the 
torsion arm, and the bottom is filled with lead giving 
a total weight of 94 g. A lighter bob may be used 
for small diameter specimens. Another bob was a 
solid disc with provision for adding discs to change 
the frequency. The oscillating image of the filament 
is recorded on a revolving drum camera (fig. 1-J) 
driven by a synchronous motor. This allows use of 
frequencies higher than can be measured visually 
on a glass scale. 

Samples varying in diameter from 0.020 to 0.075 
in. have been measured, the frequencies have 
ranged from 1 to 12 cps, and the maximum strain 
varied from 0.5 to 10x10°. With appropriate modifi- 
cation the sample may be placed in a thermostat. 


M. E. FINE, Member Technical Staff, Bell Telephone 
Laboratories, Murray Hill, N. J. 
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Table I. Internal Friction of Metal Wires 


Internal 
Diam Freq. Max. Friction 
Material In. cps. Strain Q-1 

Beryllium-copper 

solution treated 0.058 6.4 1:2x1075 6x10-5 
Same, age hardened 0.058 6.6 1.2 5 
Nickel brass, hard drawn 0.065 7.9 1.7 10 
Same, 1.5 mil, lead coating 0.068 8.1 1.2 49 
Permendur (50Fe,50Co,0.5Mn) 

slowly cooled from 1000°C 0.063 10.9 3.5 350 
Same 0.063 10.9 1.3 99 
Same 0.063 a bei | 33D 290 
Permendur quenched 

from 1000°C 0.063 12.4 2.1 17 
82Mn, 18Cu, 

quenched from 925°C, 

aged 1 hr at 400°C 0.061 SL 1.0 1,750 
46.8Ni, 0.5Mn,Bal.Fe, ; 

cold worked 0.074 11.4 ay 20 
Same, annealed at 900°C 0.074 11.9 1.3 59 


The apparatus may also be used to measure the 
shear modulus. 

In the examples of measurement given in table I 
the internal friction of Permendur and the 46.8 
Ni-Fe alloy are due, for the most part, to magneto- 
mechanical hysteresis’ (elastic hysteresis accom- 
panying stress-induced magnetostriction) which 
depends on strain amplitude and increases with 
annealing. The internal friction of most materials 
decreases with annealing. 
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Fig. 1—Torsional pendulum for measuring 
internal friction. 
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Slip joint 

Jeweler’s collet holder 
with replaceable collet 
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Bob with torsion arm 
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Technical Note 


Effect of Rate of Freezing on Degree of Segregation in Alloys 


by William T. Olsen, Jr. and Ralph Hultgren 


HEN a liquid alloy freezes, the solid first 

formed usually differs widely in chemical 
composition from that last formed, so that there is 
segregation in the alloy as cast. For example in the 
copper-nickel system (fig. 1) the first solid formed 
from a liquid containing 55 atomic pet Cu may con- 
tain as little as 38 pct Cu, while the last must con- 
tain well over 55 pct. 

Three factors may act to decrease segregation 
from the maximum possible. 

1. Diffusion in the cooling solid tends to make 
the phase homogeneous, decreasing segregation. 
This may be important at slow rates of cooling. 

2. Segregation is impossible without diffusion in 
the liquid. At extremely rapid rates of cooling 
there may not be enough time to allow maximum 
segregation. 

3. Supercooling delays nucleation to tempera- 
tures well below the liquidus thereby decreasing 
segregation. Hence the first nucleus in the copper- 
nickel system may contain well over 38 pct Cu. At 
sufficient supercooling the first nucleus may form 
below the solidus, in which case there is no reason 
to expect any segregation whatever. 

From these considerations, we could predict that 
at sufficiently low rates of cooling the alloy would 
be unsegregated because of factor 1 and at suffi- 
ciently high rates of cooling there should also be 


* no segregation because of factors 2 and 3. Con- 


\ 


siderable segregation should occur only at inter- 
mediate rates of cooling. 

We have demonstrated experimentally that segre- 
gation can be completely suppressed by rapid rates 
of cooling. For the alloys studied, however, these 


-rates are too great to be attained in any commercial 


practice. 

An alloy of 55 atomic pct Cu, 45 atomic pct Ni 
was frozen by cooling at varying rates. The degree 
of segregation in the solid was determined by X-ray 
diffraction photographs. Slow rates were obtained 
by slowly cooling the furnace containing the liquid 
alloy; fast rates by pouring or ejecting droplets of 


_ the alloy into water or iced sodium hydroxide solu- 


tions. The cooling rate of the droplets can be cal- 
culated from their dimensions by assuming reason- 


1Niels Engel: Untersuchungen Uber die Stahlhartung. 
orvidenskabelige Skrifter A Nr. 31 Copenhagen. 1931. 
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Table I. Effect of Rate of Cooling on Segregation 


Composition 
Composition of Alloy, ange, 
Atomic Pct Rate of Atomic Pct Cu 
f Cooling, First to Last to 
Cu Ni Au Deg C per sec Freeze Freeze 
55 45 0.0055 38 59.5 
fi 5,700 44 59.5 
13,300 46.5 59.5 
97,000 55 55 
6. 83.5 0.0055 16 18.5 
ave 4,325 15 18.5 
11,100 13 18.5 
61,600 16.5 16.5 


DEGREES CENTIGRADE 


) 20 40 60 80 100 
Ni ATOMIC PERCENT COPPER Cu 
Fig. 1—Cu-Ni system. 
Metals Handbook, 1948. 


able values of thermal conductivity.» The experi- 
ments were repeated with an alloy of 16.5 pct Cu 
and 83.5 pct Au. A single experiment also showed 
a 50 atomic pct Bi-Sb alloy had no segregation at 
the most rapid quench. 

The position of back-reflection X-ray diffraction 
lines is a highly sensitive function of the lattice con- 
stant, which in turn depends on the chemical com- 
position of the phase. A phase of varying composi- 
tion will give broad diffraction lines. By measuring 
the edges of these lines and making suitable correc- 
tions for intrinsic line width, it is possible to 
determine the range of lattice constants represented. 
These can be converted to chemical compositions 
from a lattice constant vs. composition curve. Re- 
sults are shown in table I. 

In the copper-nickel system the onan segrega- 
tion is found at the slowest cooling rates, where the 
lowest percentage of copper theoretically possible 


is found. In the copper-gold system, on the other 


hand, the degree of segregation is decidedly less at 
the slowest rates of cooling, being greatest at 
11,100°C per sec. At no rate is the theoretically 
lowest percentage of copper (12 pct) found. 

At the rates of cooling found in sand and die 
castings the degree of segregation is large and de-- 
pends little on the rate of cooling. 
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The Formation of Annealing Twins 


by J. E. Burke 


Although annealing twins are prominent only in recrystallized 
metals, deformation is not necessary to produce them. Rather, 
annealing twins may form whenever a grain boundary migrates. The 
broad annealing twins found in coarse-grained metals are all formed 

after recrystallization is complete. 


HE origin of so-called annealing or recrystalli- 
zation twins in face-centered-cubic metals con- 
tinues to be a matter for speculation, and in the 
present report an attempt is made to explain their 
origin and to account for at least a majority of the 
observations concerning their behavior. 
The fact that annealing twins are prominent only 


Fig. 1—Single crystal of alpha brass with deforma- 
tion gradient. X100. : 


The specimen was deformed 8 pct in compression and then 

indented over the lower left-hand corner in a Rockwell in- 

denter, and then annealed to cause partial recrystallization. 

Note intense twinning in heavily deformed part and slight 

twinning in less deformed part. The upper right-hand corner 

is unrecrystallized. Area reduced approximately 25 pot for 
reproduction. 


after recrystallization suggests that deformation 
may be necessary for their formation. In 1926, 
Mathewson’ reported the observation by Phillips 
that annealing twins are frequently parallel to 
strain markings which delineate octahedral planes 
in the deformed (and partially recrystallized) ma- 
trix, and suggested that strain markings are me- 
chanical twins which grow into annealing twins 
during recrystallization. Later work by Burke and 
Barrett? has shown that strain markings are traces 
of planes upon which slip has occurred, and that 
there is no evidence for:the formation of mechanical 
twins of microscopically resolvable width in face- 
centered-cubic metals. Mathewson’ has pointed out, 
however, that slip may produce twin faults, and 
later modifications of this hypothesis have assumed 
that twin faults rather than true mechanical twins 
serve as the nuclei for annealing twins. 

Carpenter and Tamura’ suggested, also in 1926, 
that annealing twins might form by accidents of 
growth. A close-packed layer of atoms can be added 
to the octahedral plane of a face-centered-cubic 
metal in two possible positions, the right position 
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continues the original orientation, the wrong one 
forms the first layer of a twin. The wrong positions 
are identical as far as the distance to nearest neigh- 
bors is concerned, although the distance to second 
nearest neighbors is slightly changed. One concludes 
from this as well as from numerous other observa- 
tions that the energy associated with such a twin 
interface is small, and thus that it would not be 
difficult to form. If during the migration of a grain 
boundary a few atoms were to fall into the wrong 
set of positions, the first layer of a twin would be 
formed, and if conditions were favorable to its 
growth the twinned orientation would propagate it- 
self to give a twin of detectable width. A second 
error in positioning on an octahedral plane parallel 
to the first would restore the original orientation 
and produce a parallel-sided twin band. This mech- 
anism indicates that twins can form whenever a 
grain boundary migrates, and that the number and 
width of twins formed would be controlled solely 
by the frequency of accidents. 


Evidence Supporting the Mechanical 
Nucleation Hypothesis 


Recently, Maddin, Mathewson, and Hibbard’ have 
obtained evidence which supports the mechanical 
nucleation hypothesis and which is more specific 
than the observations that annealing twins form in 
-reerystallized metals and that they are frequently 
parallel to strain markings in the matrix. They 
carefully deformed a single crystal in tension and 
found that all the recrystallized grains produced by 
annealing had an octahedral plane in common with 
the parent grain, although otherwise their orienta- 
tions were different. The octahedral plane was al- 
ways a plane upon which slip had occurred, and it 
served as the composition and twinning plane for 
annealing twins in the new grains. Only annealing 
twins which fulfilled this condition were found. 

Kronberg and Wilson‘ found that the intensity of 
twinning in deformed and recrystallized cube- 
texture copper is greater than that in cube-texture 
copper which has undergone spontaneous secondary 
recrystallization without deformation. 

The number of twins per unit volume (although 
not necessarily the number per grain) is greater in 
material which has been recrystallized following a 
heavy deformation than that in metal which has 
been recrystallized following a light deformation. 
~An example of this is shown in fig. 1, which is a 
single crystal of brass reduced 8 pct in thickness by 
~ compression and then indented in the lower left- 
hand corner of the field shown. After partial re- 
crystallization, small profusely twinned grains 
appear in the region which was heavily worked by 
~ the Rockwell impression, while in the less deformed 
periphery, the twins are larger and less frequent. 

These observations all support the hypothesis that 
twin faults produced by deformation may play a 
role in the formation of annealing twins, although 
they do not indicate by what mechanism the twins 
grow from the twin faults. 


- Evidence for the Growth Fault Hypothesis 


There are other observations of the properties or 
behavior of annealing twins which are difficult or 
impossible to explain by the mechanical nucleation 
hypothesis, but which are readily explained by the 


accident of growth proposal. Some of these ar 
discussed in the following sections. 


Existence of Several Twin Families 
in a Single Grain 


Recrystallized grains almost invariably have a 
different orientation from the parent grain, although 
frequently the parent and daughter grain have an 
octahedral plane in common. The evidence pre- 
sented above indicates that a twin fault in the 
matrix on this common plane can nucleate twins in 
the daughter grain with the common octahedral 
plane as the twinning plane. Although twin faults 
may have been produced on several of the octa- 
hedral grains in the matrix, only those on the com- 
mon octahedral plane can operate to nucleate 
annealing twins in the daughter grain, thus one can 
explain the appearance of only one family* of an- 
nealing twins in the daughter grain by the mechan- 
ical nucleation hypothesis. 

One finds frequent examples, however, of a single 
grain which shows several families of twins, and 
Hibbard, Liu, and Reiter® report that the average 
grain in alpha brass has almost two twin families. 
One could possibly explain this by assuming that 
during recrystallization the growing grains feed on 
several deformed grains of different orientation, 
which happen to have faulted octahedral planes 
parallel to different octahedral planes in the grow- 
ing grains, but many cases exist where this explana- 
tion cannot apply. The grains growing in the single 
crystal in fig. 1 frequently show several twin fami- 
lies. Fig. 2 illustrates the fact that several twin 
families may be formed very early in recrystalliza- 
tion. The tiny recrystallized grain growing in alpha 
brass has at least three twin families, and none of 
these are parallel to, and thus could not have been 
nucleated by, twin faults on the slip planes which 
can be seen in the matrix. 

Annealing twins thus appear with such orienta- 
tions that they could not have been nucleated by 
mechanically induced twin faults. They could have 
been produced by accidents of growth, however, and 


* Any one of the four sets of parallel octahedral planes can serve 
as twinning planes. All of the twins which use one set of octa- 
hedral planes as a twinning plane belong to one family. 


Fig. 2—Tiny crystal growing in deformed matrix. 
x 


Three twin families are displayed in the new grain and none 

of them are parallel to the two families of octahedral strain 

markings in the unrecrystallized matrix. Area reduced 
: approximately 25 pct for reproduction. 
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Fig. 3—Three possible mechanisms for twin 
broadening. 
A—Lateral twin boundary migration. 


B—Formation of new twins. 
C—Coalescence. See text for detailed discussion. 


the existence of several twin families in a grain 
supports this hypothesis. 


Apparent Broadening of Twins During 
Grain Growth 


The average width of parallel-sided twin bands 
in a coarse-grained metal is much greater than in a 
fine-grained specimen; indeed, in the coarse-grained 
case the twin bands may be many times wider than 
the diameter of the largest grain in a fine-grained 
specimen of the same material. One explanation of 
this fact might be that twin boundaries migrate in a 
direction perpendicular to the twinning plane dur- 
ing grain growth, as illustrated in fig. 3a. This 


broadening mechanism must operate if all annealing 


twins are nucleated by deformation and formed at 
the time of recrystallization, as postulated by the 
mechanical nucleation hypothesis. 

The growth-accident hypothesis suggests that 
broad twins may be formed in the manner illus- 
trated in fig. 3b. A twin can grow broader by simple 
grain boundary migration if one side of the twin 
forms the boundary of the grain. It can be termi- 
nated by a second twinning act on a plane parallel 
to the original twinning plane, and with further 


grain growth it will develop into a parallel-sided 
twin of typical appearance. The width of twins 
formed in this way will be inversely proportional to 
the frequency of twinning on that twinning plane, 
and the wider bands in a coarse-grained specimen 
would be the result of a decrease in twinning fre- 
quency with increase in grain size. 

The second mechanism is more appealing because 
it seems unlikely that twin boundaries can migrate 
perpendicular to the twinning plane. It is true that 
there are possible driving forces for perpendicular 
migration, such as the reduction of the total length 
of the coherent twin boundary and the presentation 
of a more favorable orientation to adjacent grains as 
suggested by Smith.” Nevertheless, it is difficult to 
understand how a twin interface could migrate past 
an inclusion. An ordinary grain boundary is re- 
tarded in its migration by an inclusion, but it can 
usually get past it by bending and reforming on the 
opposite side while continuously decreasing its area. 
The low energy of a twin boundary is associated 
with the identity of the composition and twinning 
planes, however, and it cannot bend without in- 
creasing its energy to an amount comparable with 
an ordinary grain boundary. 

To determine whether or not migration of twin 
boundaries perpendicular to the twinning plane can 
occur, a number of fields were photographed on a 
polished surface of a high-purity brass, and the 
same fields were photographed again at stages dur- 
ing annealing to cause grain growth. A typical field 
is shown in fig. 4. Examination of the series shows 
that the width of twin bands bounded by parallel 
sides remains unchanged, thus confirming the pre- 
diction that straight twin boundaries would not 
migrate perpendicular to their surface. Twins hav- 
ing a grain boundary as one side do grow wider, 
however, and several examples may be seen of the 
formation of broader twins with parallel sides by 
the mechanism illustrated in fig. 3b. 

It is interesting to notice that annealing twins 
usually form at or near the corners of grains, al- 
though there is no obvious reason for this. An ex- 
cellent example, where three families of twins have 
recently appeared at three different corners of the 
grain, is presented in fig. 5. 

It has already been mentioned that the thickness 
of annealing twins is controlled by the number of 
times the twinning act occurs for a given distance 
of grain boundary migration. In heavily cold- 
worked metal which has been recrystallized, the 


: Fig. 4—Alpha brass. X75. 


Same field at three stages of annealing. Twin boundaries do not migrate laterally unles 
twin from the left in large central grain shows coalescence. 


s they coincide with grain boundary. Third 
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Fig. 5—Alpha brass. X50. 


Three twins of different families forming on three 
corners of a grain. 


twins are narrow because the migrating boundaries 
have met frequent discontinuities, many of which 
may well be twin faults. The twins that result from 
the recrystallization of less heavily cold-worked 
metal are wider because the matrix being consumed 
is more homogeneous, and thus the growth accidents 
necessary for the formation of annealing twins are 
less likely to occur. 

In a completely recrystallized metal, twin faults 
are presumably absent, and the chief discontinuities 
encountered are grain boundaries. From time to 
time during its growth, a grain finds itself consum- 
ing grains of different orientation. The average 
distance of migration of a boundary before it meets 
a grain of new orientation is thus a function of the 
grain size; the finer the grain size the more fre- 
quently will the twinning act occur, and the nar- 
rower will be the annealing twins. Thus one would 
expect to find, as he does, that the twins are broader 
in coarse-grained specimens. 

These observations show that broad twins result 
from the formation of annealing twins in com- 
pletely recrystallized metal in which twin faults are 
presumably absent.* They further indicate that a 
twin fault cannot simply grow to become an anneal- 
ing twin, since coherent twin boundaries cannot 
migrate to a new parallel position. The function of 
a twin fault must be to nucleate a twin of the grow- 
ing orientation; after this twin has grown to visible 
size, a second twinning act, possibly at another 
parallel twin fault, may terminate it to give a 
parallel-sided twin. 


Influence of the Direction of Growth 
of the Grain 


According to the growth-accident hypothesis, 
twins are formed when atoms deposited from the 
grain being consumed fall into the twin set of posi- 
tions on an advancing octahedral plane. This implies 
that the accident can occur only when the grain 
boundary approximates an octahedral plane of the 
growing grain. Thus one would expect that the 
twinning set which is selected should depend upon 
the orientation of the migrating grain boundary. A 
given grain growing in different directions will ex- 
pose boundaries having different orientations, thus 
the twinning plane selected should be one which is 
approximately perpendicular to the direction of 
grain growth. 

In ordinary grain growth it is difficult to deter- 
mine the direction in which a grain is growing. 


Fig. 6—Grains growing by secondary recrystallization 
around two indentations in cube-texture copper. X3. 


Rolling direction horizontal. Grains growing at 45° twin on 

octahedral plane held in common with matrix, and occa- 

sionally on one other plane. Grains growing parallel to rolling 
direction twin on a third possible plane. 


Cook and Richards,® however, have shown that 
acicular grains will grow around an indentation in 
cube-texture copper,j and in this case the direction 
of growth is known. An example is shown in fig. 6. 
The rolling direction is horizontal, and grains are 
seen growing both at 45° and parallel to the rolling 
direction. All the new grains have an octahedral 
pole in common with the cube-texture matrix and 
the orientation relationship is the one described by 
Bowles and Boas,” a rotation of approximately 30° 
about the common (111) pole. 

The twins whose traces are parallel to the length 
of the grains at 45° to the rolling direction appar- 
ently formed during the sidewise growth of these 
grains, since the long side of the grains are the only 
ones that could be nearly parallel to the composition 
plane in question. 

A cross-section through one of these needle-like 
grains (fig. 7) shows that the advancing grain front 
is remarkably straight and quite accurately parallel 
to the (111) composition plane of the twins in ques- 
tion. Growth is proceeding toward the left, and in 
the recrystallized part of the grain, the trace of one 
of the twin bands may be seen. The boundary be- 
tween the recrystallized and unrecrystallized part is 
practically straight and parallel to the twin bound- 
aries already formed. 


+ Miss Anna M. Turkalo at the Knolls Atomic Power Laboratory 
has shown that-this phenomenon does not occur in highly perfect 
cube textures, but only in those which have a sufficient scatter of 
orientation. 


Fig. 7—Cross-section through acicular grain grow- 
ing at 45° in cube-texture copper. 
Growth is proceeding to the left, and the boundary between 


the unrecrystallized and recrystallized portion is parallel to 
the twin boundaries on the right. 
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Other families of twins may be found in addition 
to those whose traces lie at 45° to the rolling direc- 
tion and which have composition planes parallel to 
octahedral planes of the matrix. The feather-like 
grain growing at 45°, which is half black and half 
white, shows twinning in the black half, on a second 
twinning plane, which occurred during the longi- 
tudinal growth of the grain. The grain growing 
parallel to the rolling direction shows repeated 
twinning on yet a third twinning plane, but al- 
though these twinning planes are not parallel to 
octahedral planes in the matrix, their traces in the 
plane of polish are approximately perpendicular to 
the direction of growth. 

It thus appears that the twinning plane selected is 
one which is approximately parallel to the advanc- 
ing grain boundary at the time and place where the 
twin-producing accident occurs. It remains obscure 
why grains which have very similar orientations 
sometimes show twinning of two types, as the 
feather-like grain, and sometimes only of one type, 
as do the majority of the grains growing at 45°. 


Conclusions and Discussion 


From the above observations and arguments it 
can be concluded that at least three conditions must 
be fulfilled for an annealing twin to form: 

1. The advancing grain boundary must corre- 
spond approximately to an octahedral plane of the 
growing grain at the point where the twinning acci- 
dent occurs. 

2. The boundary must encounter some kind of a 
discontinuity which will induce a twinning accident. 

3. The twinned orientation must be more favor- 
ably oriented, as regards ability to grow for exam- 
ple, if it is to be propagated for an important 
distance. 

Annealing twins may form whenever a grain 
boundary migrates if the above eonditions are ful- 
filled, and not only during recrystallization. Twin 
faults in the matrix undoubtedly are one type of 
discontinuity which can lead to twinning. Other 
types must also exist, however, because twin faults 
could nucleate only one family of annealing twins 
in a given grain, while several families are fre- 
quently observed. 

Octahedral twin boundaries cannot migrate later- 
~ ally, thus no twin can grow in width unless one face 
coincides with a grain boundary. This must apply 
to the growth of twin faults to microscopically re- 
solvable size as well as to the increase in width of 
“ microscopically resolvable annealing twins. Thus 
the appearance of broad twins after grain growth 
indicates that new twins have been formed during 
grain growth, and this is confirmed by direct obser- 
vation. The fact that one observes broader anneal- 
ing twins in coarse-grained than in fine-grained 
material leads one to associate one of the discon- 
tinuities which can cause twinning during grain 
growth with grain boundaries. : 

It is not sufficient that a migrating grain boundary 
meet a discontinuity to form an annealing twin, it 
is also necessary that the boundary approximate a 

(111) plane of the growing grain. Thus there will 
be relatively few faces on a growing grain which 
will meet this condition, and it is not surprising that 
many grains show only one or two families of twins. 

There are things which remain unexplained about 
annealing twins. The above is essentially a crys- 
tallographic argument; thus it cannot explain the 
fact that the intensity of twinning varies from alloy 


to alloy. Neither does it explain the fact that the 
number of twins per grain remains approximately 
constant during grain growth, and that the number 
is somewhat smaller than the number which ap- 
peared at the time of recrystallization. Possibly the 
explanation is the one offered by Hibbard and co- 
workers,’ that the twin-bearing grains are prefer- 
entially consumed during grain growth, but there is 
no obvious mechanism for this, and other factors 
must also contribute. In addition to the mechanisms 
for twin broadening presented in figs. 3a and 3b, the 
type illustrated in fig. 3c is also possible; this is 
essentially a coalescence mechanism, and requires 
only that the two twins which coalesce be continu- 
ous at some point. ‘There is occasional evidence that 
such coalescence does occur, for example in fig. 4, 
in the twin just to the right of the center of the field. 
The driving force for this coalescence is the diminu- 
tion in the area of the coherent interface, and it 
should be possible for the incoherent interface to 
migrate past inclusions just as a grain boundary 
does. For this mechanism to operate, the noncoher- 
ent end of a twin must become detached from a 
grain boundary. In freshly recrystallized metal, 
many of the twins are already detached, thus the 
marked decrease in number of twins per grain ob- 
served by Hibbard and coworkers’ in the very early 
stages of grain growth may result from this cause. 
Burke and Shiau” showed also that deformations too 
slight to cause recrystallization resulted in the 
appearance of many detached twins; presumably 
because of the presence of distortion it is energeti- 
cally possible to form the additional interface, but 
it is not clear that twins could be detached and dis- 
appear in this way during normal grain growth. 
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Transformation Characteristics of a Lithium-Magnesium Alloy 


by C. S. Barrett and D. F. Clifton 


The martensite-type transformation curves for a lithium-magnesium 
alloy were investigated in detail by X-ray spectrometer methods. Critical 
temperatures for formation and decomposition of the low-temperature 
phase were determined, and the influence of previous thermal and me- 

chanical history investigated. 


HE transformation that occurs in lithium and its 

solid solutions containing magnesium” * is simi- 
lar in many respects to other diffusionless trans- 
formations of the martensitic type. This general 
similarity makes it desirable to investigate the 
transformation curves in detail. The current interest 
in the phenomenon of stabilization in martensitic 
transformations has created a need for a careful 
appraisal of possible stabilization effects in both 
cooling and heating transformations in lithium al- 
loys. The effect of prior heat treatment on the 
temperature at which transformation begins and 
the effect of various temperature cycles in partially 
transformed alloys also merit attention. Limited 
data on some of these features were presented pre- 
viously,, but the present studies have been made 
with improved apparatus, in which erratic fluctua- 
tions were smaller than in the earlier work, and in- 
clude many independent determinations of certain 
critical observations. 


Material and Methods 


Geiger counter X-ray spectrometers were used: 
a Norelco instrument, original model, and a General 
Electric XRD-3. The low-temperature specimen 
holder has been described elsewhere.* Specimens 10 
mm in diam and 1.5 mm thick were held in firm 
contact with a copper block which was attached to 
the lower end of a stainless steel tube that extended 
up to a reservoir of liquid nitrogen. A heating coil 
on the tube permitted a controlled temperature 
gradient along the tube, so that desired tempera- 
tures and rates of heating and cooling could be ob- 
tained by controlling the heating current. The 
specimen was surrounded by an atmosphere of 


evaporated nitrogen in an insulated chamber having 
double cellophane windows. The temperature of 
the specimen was read by a thermocouple imbedded 
in it close to the irradiated area; the specimen 
could be held at constant temperature within 1°C 
for long periods. 

The body-centered cubic 200 reflection near @ = 
26° was used as the index of the amount of b.c.c. 
material present; occasional checks were made using 
the most suitable line of the low-temperature phase, 
the close-packed hexagonal 110 line near 6 = 29°. 
Copper radiation was used throughout. A continu- 
ous record was made of the reflected intensities on 
a strip chart-recorder, both when the peak intensity 
of a line was being followed and when the lines 
were being scanned at constant temperature. On 
the continuous recordings of peak intensity, periodic 
checks were made on the background intensity be- 
tween the lines, and on the setting of the spec- 
trometer for maximum intensity. 

The lithium-base solid solution containing 12.4 
atomic pect Mg (33.3 wt pct) that had been used 
previously* was chosen, as it had a transformation 
range at relatively high temperatures, so as to per- 
mit wide temperature cycling within the range. 
Just prior to use a pellet was cut from the ingot, 
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Fig. 1—Typical transformation curve showing nomen- 
clature used and temperature cycles studied. 


flattened 70 pct at room temperature, and annealed 
15 min at room temperature to insure a fine-grained 
recrystallized starting material. That this treat- 
ment was suitable was checked by a Laue photo- 
graph. If a sample was to be used on subsequent 
experiments, it was kept under liquid nitrogen in 
the interval to prevent oxidation and grain growth. 


Nomenclature 


The nomenclature of fig. 1 will be used in pre- 
senting the data. On cooling from the annealing 
temperature the specimen begins to transform at 
the temperature M,; cooling may be interrupted at 
T, and the specimen raised to T;, where it is held 
for a specified time; on cooling again it is found 
that a change in slope occurs at T,; + AT. A negative 
value for AT would imply that stabilization of the 
high-temperature phase had occurred during hold- 
ing at T,,. After cooling to the minimum tempera- 
ture Tin, heating to M, seems invariably to be 


Table I. Effect of Annealing Temperature on M, of 
Cold Worked Li-12.4 Atomic Pct Mg 


Annealing 
Time Temp (°K) 
A* 10 min 245 95 
40 min 220 94 
16 min 260 107 
15 min 263 103 
1 hr 263 105 
2hr 296 115 
B* 15 min 200 105 
15 min 258 113 
15 min 290 118 
150 min 293 120 
17 hr 293 117 


* Prior treatment: A, reduced 75 pct in thickness at Weis 
B, reduced 60 pct at 200°K. 


accompanied by a slight rise in the percent of b.c.c.; 
then at M, a rapid reversion to b.c.c. begins but 
slows again before becoming complete when the 
temperature is raised to M,,. If the heating is in- 
terrupted between M, and M,, and the specimen 1s 
cooled, transformation to the low-temperature form 
begins at M,’, a temperature that is always found 
to be somewhat higher than M,; if the heating is 
interrupted at T, and the specimen temperature is 
lowered to a temperature T), that is above M,’, held 
here, and raised again to T., there is no change in 
the relative amounts of the two phases present as 
a result of this cycle. If holding at T;. resulted in 
stabilization of the low-temperature phase, it would 
be necessary to raise the temperature to T, + AT 
to cause the reversion to the high-temperature 
phase to begin again. 


Results 


Approximate percentages of the high-temperature 
(b.c.c.) phase were computed as follows. The peak 
intensity of the b.c.c. 200 line at a temperature just 
above M, was taken as the intensity representing 
100 pct b.c.c. at the beginning of the run. The cor- 
responding intensity, when the sample had been 
cooled and then heated until it just returned com- ~ 
pletely to the b.c.c. form, was taken as the intensity 
for 100 pct b.c.c. at the end of the run. It was not 
uncommon for this final intensity to be about 80 
pet of the intensity just before transformation in the 
first run of a series, but later cycles usually reduced 
the discrepancy, sometimes to negligible values. 
The adjustment for intermediate points on the curve 
was made by arbitrarily assuming that the loss of 
intensity occurred during cooling and was propor- 
tional to the amount of the low-temperature phase 
that had formed, an assumption based on the idea 
that strains accompanying the transformation low- 
ered the peak intensity of the b.c.c. line on cooling 
and that the strains were not altered on heating up 
to the temperature of complete reversion.* Con- 
clusions were drawn from the data with due recog- 
nition of the uncertainty in the computation of 
percentages from the intensity data. 

The shape of the transformation curve on cooling 
is typical of martensite-type transformations in that 
with a constant rate of cooling the transformation 
starts slowly, then accelerates into a range where 
the amount transformed varies approximately line- 
arly with temperature, and then decelerates. The 
gradual starting of the transformation when less 
than 5 pet was transformed. made it advisable to 
determine all M, values by extrapolating the nearly 
linear part of the curve back to zero percent trans- 
formed. The abruptness of the start of the trans- 
formation varied considerably in the different ex- 
periments, presumably due to variations in the size, 
perfection, or surroundings of the individual grains 
that were first to transform.+ M, itself varied from 
specimen to specimen, with an average value near 
125°K, but was satisfactorily reproducible in a 
given specimen. Confirming earlier experiments,* 
there was no significant dependence of M, on cooling 


Se ete ete RIN et rg SLE NOURI RASA Veto IE EN NE NR Sa 
* Laue photographs and Debye photographs give ample evidence 
of strains introduced on cooling; however, much of the blurring of 
the reflections disappears again on heating, so it cannot be claimed 
that the above scheme of adjustment is exact. A different adjust- 
ment would be needed if an alteration of the preferred orientation 
in the sample occurred during the process, but Laue photographs 
failed to disclose appreciable orientation changes. The effect of the 
temperature factor on intensities was judged to be minor. 


TJ . S. Bowles has noted in experiments in this laboratory that 
an oil film on the surface of a thin sample of lithium can cause a 
depression of Ms by many degrees. 
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Table Il. Interrupted Cooling Data for Six Specimens 


Table III. Interrupted Heating Data for Li-12.4 Atomic 


Li-12.4 Atomic Pct Mg Pct Mg 
Time at Thi i 2 
Ti(°K) Tni(°K) (min) AT T2(°K) Tno(°K) er ane: = “s 
122 124 20 —V° 174 
138 139 30 a is es 
165 145 30 +2 
109 111 30 0 165 
124.5 126 30 al oe 2a ¢ 
164.5 164 8 +2 
131 133 30 —Y¥, 170 169 22 +1 
109.5 111.5 92 =f 161 159 960 0 
152 147 1 
108.5 114 1080 —'Y% ie ‘ 
Weighted M 16 40. 
es oe = . eighted Mean 0.16 +0.4 
109 110 24 0 
121 123 30 0 
120 sie 9 Table II presents the tests for stabilization during 
117 149° 19 0 cooling. A sample was cooled to T,, then warmed 
12 pe 


Weighted Mean —0.33 +0.2° 


* Thi above M,’ 


rate; in the present tests the rates varied from 1° 
to about 30° per min. 

The previous conclusion’ that M, is lowered by 
cold working a specimen prior to cooling was con- 
firmed, and since it was essential in the current 
studies to know what annealing treatments would 
remove the effects of this cold work, a number of 
experiments were conducted of the type listed in 

_ table I, in which a series of M, values were deter- 
mined by cooling to 80°K after each of a succession 
of annealing treatments at temperatures above M,,. 
Annealing for about 15 min at room temperature 
appeared adequate for removing the effect of cold 
working. Laue patterns contained sharp spots after 
room temperature anneals, and judging by the num- 
ber of spots on the patterns a room temperature 
anneal of more than 72 hr is needed for appreciable 
grain growth to occur. 

The data of table I and similar experiments indi- 
eate that M, for a cold-worked specimen is raised 
by annealing in the temperature range 200° to 
290°K; a short anneal of 15 min or so in this range 
appears to be as effective as a longer one, which is 
strange and would not be expected from the usual 
time-temperature relations in recrystallization. 

The effect on M, of annealing a fully recrystallized 
specimen at various temperatures above M, was 
investigated. After annealing at 293°K for 1 hr or 
longer, each specimen was cooled at about 10° per 
min to about 140°K, then at 5° per min to determine 

_M,, then the same specimen was annealed at 195° 

to 210°K for various times up to 44 hr, and M, was 
again determined without warming it above the 

- annealing temperature or, except for two tests, re- 
moving the specimen from the apparatus. In seven 
experiments of this kind the effect on M,. varied 
from a decrease of 6° to an increase of 2°; the av- 
erage change for the entire series was a decrease of 
2° below the M, for the 293° annealed condition. 

When the same specimens were annealed again at 
293° to 300°K and, following this, the M, again de- 

termined, it was found that this higher temperature 
anneal tended to raise M, again to its original value 

—an average increase of 2° over the previous M, 

was found. (Individual experiments in a series of 
nine varied from a 6° increase to a 1° decrease.) 

The estimated precision in determining individual 

M, values lay between 1° and 2° in each experi- 

ment, so the observed trends are barely larger than 
experimental error. 


to T;,, held for a time and then cooled through the 
temperature T, + AT at which transformation is 
abruptly resumed (fig. 1). Judging by the fluctua- 
tions in the recorded counting rate and the change 
in slope at T, + AT the error for each determina- 
tion of AT was estimated; for half of the determina- 
tions this was %2° to 1° and for the balance it was 
142° to 2°; the squares of the estimated error for 
each determination were used in determining the 
weighted mean AT and the standard error for the 
series. The weighted mean and standard error for 
the 14 determinations is AT = —0.33 +.0.2. There 
was a marked trend for the more precise deter- 
minations to give the least indication of stabiliza- 
tion, and there was no consistent trend toward 
stabilization with longer stabilization anneals or 
with lower temperature anneals. It is concluded, 
therefore, that the results indicate no stabilization of 
the b.c.c. phase by holding either above or below M,’. 

Table III lists corresponding tests for interrupted 
heating. The estimated error for the last two de- 
terminations was 12°, and for the others, 2°; ex- 
periments with greater inaccuracy were discarded. 
The last three lines of table III are for experiments 
in which the temperature was raised in 44° steps, 
the others for constant rate heating. The weighed 
mean and standard error for the determination is 
AT = 0.16 + 0.4. No stabilization of the low-tem- 
perature form by holding at T,. is indicated, though 
reversion started abnormally slowly as the tempera- 
ture was raised above T;. This abnormally slow 
rate was observed after the two longest holding 
times, but the data from the other experiments 
afford no adequate test of this. 

After cooling to Twin, heating initiates slow re- 
version of the h.c.p. phase to b.c.c., even below M,. 
This result was obtained both by measurements of 
the peak heights of the h.c.p. 110 and b.c.c. 200 lines, 
and by the ratio of the areas of these lines, when 
scanned at two temperatures, as shown in table IV. 

Typical transformation curves are reproduced in 
fig. 2, with shading to indicate the estimated un- 


Table IV. Decomposition of Hexagonal Phase Below 
M, as Determined from h.c.p. 110 and b.c.c. 200 Lines 


Temp of Ratio of Areas Ratio of 
Measurement Mr under Peaks Peak Heights 

°K Temp h.c.p./b.c.c. h.c.p./b.c.c. 
81 1.00 1.15 

127 138 0.92 1.00 
81 0.95 Arb 

154 160 0.53 0.68 

82 1.06 bes 

135 145 0.73 0.84 
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% BCC 


80 100 120 140 160 180 200 
Temperature,K 


Fig. 2—Transformation curves for Li-12.4 atomic 
pet Mg. 


Shows shift of heating curve to higher temperatures when 
specimen is cooled to lower minimum temperatures. Shading 
indicates uncertainties in computation of absolute percentages. 


certainty in the percent transformation values. The 
upper curve was based on the intensity of the b.c.c. 
200 reflection, the others on h.c.p. 110. In these and 
other experiments M, was always found to lie above 
M,. The M, temperature and the entire curve from 
M, to M,, shifts to higher temperatures when Trin 
is decreased. 

A specimen behaves in an interesting fashion if 
heating is stopped at some temperature between M, 
and M,, and the specimen is again cooled. Decom- 
position of the b.c.c. starts at a temperature M,’ that 
is never lower than M,, and that becomes increas- 
ingly higher than M, as the amount of the residual 
h.c.p. phase in the specimen increases. Data from 
experiments on five specimens are summarized in 
table V. The exact course of the curve between 


Table V. Effect of Undecomposed h.c.p. on M.’ in 
Li-12.4 Atomic Pct Mg 


Conditions at Start 


of Cooling 
Ms or 
z M.' 
Pet h.c.p. Temp (°K) 
0 293 129 
20 184 129 
30 174 133 
0 293 120 
40 170 121 
0 293 139 
10 179 140 
0 293 123 
30 173 123 
60 160 133 
0 190 126 
5 187 128 
20 163 136 
40 154 138 


M,’ and Twin is uncertain, but the records clearly 
indicate a lower slope for this curve than for the 
initial cooling curve through M,, as sketched in fig. 
1, and the relative amounts of the two phases when 
Tmin is reached is approximately the same as on the 
initial cooling. If cooling from M,’ is continued to 
lower temperatures, the slope of the curve increases 
again on passing through the previous Trin. 

An understanding of some of these features may 
be had if the stresses that are generated when a 
plate of either phase transforms are directed to aid 
the reverse transformation, and are residual in the 
specimen when the reverse transformation begins. 
If, however, the subsequent formation of additional 
plates on many crystallographic planes has altered 
the residual stress system into a random one charac- 
teristic of cold-worked metal, the effect should be 
to widen the hysteresis loop of the transformation, 
as cold working is known to do.* It is suggested 
that stresses favorable to reversion of certain plates 
to b.c.c. may account for the initial slow rise of the 
curves in fig. 2, whereas unfavorable, random 
stresses may account for the shift of the reversion 
curve to higher temperature as Ti, is decreased. 
The fact that M,’ exceeds M, when appreciable h.c.p. 
phase is present may also be ascribed to directed 
residual stresses surrounding crystallites of b.c.c. 
that have reverted from h.c.p. 


Summary 


The martensite-type transformation curves for a 
lithium-magnesium alloy containing 12.4 atomic 
pct Mg were determined by the X-ray spectrometer 
method. In fully annealed fine-grained specimens 
the M, temperature (which was near 125°K) was 
slightly lower after annealing near 200°K than after 
annealing near 300°K, though the amount of the 
change was of the order of experimental error (2°). 
Tests for possible stabilization of the b.c.c. phase by 
annealing in the range 110° to 155°K during an 
interrupted cooling experiment disclosed no stabil- 
ization greater than the estimated error of the best 
individual experiments (2°). No stabilization of 
the low-temperature phase (h.c.p.) could be found 
after annealing at 145° to 173°K during interrupted 
heating experiments. After cooling below M,, re- 
version to b.c.c. began slowly as soon as the tem- 
perature began to rise, but rapid reversion began 
only when a temperature M, was reached, which 
was always higher than M,. M, and the entire re- 
version curve above M, shifted to higher tempera- 
tures as the previous minimum temperature was 
decreased. When reversion was interrupted and the 
specimen again cooled, decomposition of the b.c.c. 
began at a temperature M,’, which lay a few degrees 
above M,, being higher the greater the percent h.c.p. 
in the specimen; the rate of transformation with 
falling temperature below M,’ was less than that 
for the original cooling through M,. 


References 


*C. S. Barrett and O. R. Trautz: Low Temperature 
Transformation in Lithium and Lithium-Magnesium 
Alloys. Transactions AIME (1948) 175, 579; Metals 
Technology (April 1948) TP 2346E. 

*C. S. Barrett: Transformations in Pure Metals. 
1948 Symposium on Transformations in Solids, Na- 
tional Research Council Committee on Solids, Cornell 
University (in press). 

*D. F. Clifton: Low Temperature X-Ray Diffraction 


reece Review Scientific Instruments (1950) 21, 


1332—JOURNAL OF METALS, NOVEMBER 1950, TRANSACTIONS AIME, VOL. 188 


Discussion — Iron and Steel Division® 


New York Meeting, February 1950 


The Tin-Fusion Method for the Determination of Hydrogen in Steel (paper by D. J. Carney, J. Chipman, 
and N. J. Grant. Journal of Metals, Feb. 1950, TP 2801C) 


1G RE ARE EP Re ERE BEES Ss tl et Bent RE 1333 
The Sampling and Analysis of Liquid Steel for Hydrogen (paper by D. J. Carney, J. Chipman, and N. J. 
Grater OUTLAL Of Vietalsseebwl 950s TR: 2B07C) ici c.cccetes ee och eae ee eR 1334 
The Mechanism of Sulphur Transfer between Carbon-Saturated Iron and CaO-SiO,-Al,O, Slags (paper by 
G. Derge, W. O. Philbrook, and K. M. Goldman. Journal of Metals, Sept. 1950, TP 2885C) .....0...cccc 1336 
Evaluation of pH Measurements with Regard to the Basicity of Metallurgical Slag (paper by C. W. Sher- 
manandeNJ-aGrantmsournal of Metals, Novel9495 TPs2715C)) ioc ele Pe ee oe nase e 1338 
The Manganese Equilibrium Under Simple Oxide Slags (paper by J. Chipman, J. B. Gero, and T. B. 
NWaTierneed ONTMAEOfeVieCLals: BeD = LODO® TE P21 OC) enc. caer ca esten aaa Sy A Lae ener ee os Sa 1340 
Equilibrium in the Reaction of Hydrogen with Oxygen in Liquid Iron (paper by M. N. Dastur and J. 
Chipmanas soImnvalOfelVletals As 1949 RPL 266 LCi in ue iho ese soo ee SE ee doe 1341 
Optical Temperature Scale and Emissivity of Liquid Iron (paper by M. N. Dastur and N. A. Gokcen. . 
HOU UCL RO eV LETTE Se ©) Clic 94 Osada: sA0Q0.3 CG) srectoe mre ete eho ckic cash PS Cou tiarvadog estate aman nee MAR RMIT Ma tad Scau hE SLae teased 1341 
-The Solubility of Oxygen in Liquid Iron Containing Aluminum (paper by D. C. Hilty and W. Crafts. 
Journal of Metals, Feb. 1950, TP 2805C)........... Pe Fon cathe MRE oP Oops eh ERR TNE NST Wy A eS 1342 
Solubility of Oxygen in Liquid Iron Containing Silicon and Manganese (paper by D. C. Hilty and W. 
Crafts. TOUR LOI MLCLAUS oH ED 95 Ore PPS SOG Ci) area sn Seat at ee esc ac eae Te ee aa ec HE cee ein oe 1346 
Thermodynamic Properties of Sulphur in Molten Iron-Sulphur Alloys (paper by C. W. Sherman, H. I. 
Mivancenuand)..ehipmans -Jounnalzofietals, Heb. 19505 TP 2073 C) age cesar tees, aces sss rasan Gael stages tees 1347 
The Effect of Carbon on the Activity of Sulphur in Liquid Iron (paper by J. P. Morris and R. C. Buehl. 
Journal of Metals, Web..1950;, TP 2799C) voi. oo. seccsceecscevetense PANGS RSs TAY Lae CREE Coe AE ceed nd ee aa ec ren een aces Goce 1349 
Side-blow Converter Process for the Production of Low Nitrogen Steel Ingots (paper by R. R. Webster 
aie Clarice) OULNALOfVleLalSrVlay. 1950s) T P2283 9) ooo mee ee eet eee coca ese cake hate oeige at aues snes an ssn tanes 1350 
Experimental Operation of a Basic-lined Surface-blown Hearth for Steel Production (paper by C. E. 
Simoeaind hen hove OUmGLLOs VLetaiss April, 1900) TP 2638 C) wei, ii soc re sass ces wowernig e-svessyeperessbraneonsanene 1350 
* TP 2957C. 


The Tin-Fusion Method for the Determination of Hydrogen in Steel | 


by D. J. Carney, J. Chipman, and N. J. Grant 


DISCUSSION, G. Derge presiding 


G. A. Moore—The tin-fusion method has been a very 
favorable possibility for many years. The authors ap- 
parently have settled the question that delayed the 
method for a long time by showing that no hydrogen 
is absorbed in the tin. This, of course, is very im- 
portant. 

I want to make a few remarks concerning the ab- 
solute accuracy of analysis, which must be the final 
basis for deciding among the various methods. From 
the figures in the paper, there seems to be some re- 
maining slight discrepancy on the actual amount of 
hydrogen present in various samples which may be 

presumed essentially identical. (This is of the order of 


the precision of individual analyses but appears in 
averaged results.) 

From the analyst’s viewpoint, the tally of hydrogen 
content can be regarded as occurring in three portions. 
First is a large portion which comes off easily and 
automatically during sample storage and later on heat- 
ing in the apparatus. This is fairly easily analyzed. 
Second is an item which may be either positive or 
negative in the tally sheet. In warm or hot evolution, 
this is a portion which, in practice, can never be re- 


G. A. MOORE, University of Pennsylvania, Phila- 
delphia, Pa.; G. DERGE, Metals Research Lab., Car- 
negie Institute of Technology, Pittsburgh, Pa. 
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moved but which can be calculated with some accu- 
racy. In the fusion methods, we usually tend to get a 
little too much hydrogen and we have to calculate how 
much to subtract as the “blank.” The accuracy of these 
calculations may be about the same. Finally, there 
probably is a little bit more, which can not be accu- 
rately estimated except by experience. Dr. Derge 
always found, I believe, about one hundredth of a 
volume more by his vacuum fusion than we found by 
hot extraction. I believe the present work indicates a 
discrepancy of the same amount. 

I had thought that this portion should be accounted 
for by deciding how you wish to count water. There 
is certainly a little bit of water, varying with tempera- 
ture, in every sample. Vacuum fusion tends to convert 
this to hydrogen and include it in the result, while hot 
extraction, I think, ignores a good portion of it. I 
would consider this settled, except that I wish to ask 
the authors one question regarding the palladium tube 
used to introduce hydrogen. I suppose this is cut off 
from the system during analysis, but if not, and if it 
remains connected in any of the other systems, it is a 
possible source of the discrepancy which is worrying 
us. It has been clearly shown that this valve does not 
always close completely, so that while there is no loss 
of hydrogen from the supply, there may be a small 
evolution from the tube into apparatus. 

It is pleasing that, in. spite of small discrepancies, 
the authors obtain, by a third essentially independent 
method, results that are in good agreement with those 
of the two methods previously found reliable. They 
remarked on the absence of a standard sample, and I 
would like to suggest that there is a usable standard 
which we tried at one time,” which is the inclusion of 
a little lead formate within a steel specimen that pre- 
viously has been degassed by every known method. 
The amount of hydrogen in a weighable portion of 
lead formate is very small. 

G. Derge—From my own observations I think the 
biggest single advantage of this tin fusion has to do 
with the fact that the gas is largely hydrogen and the 
apparent improvement in the catalyst efficiency that 


results. That is the outstanding difficulty that we have 
in the conventional vacuum fusion. There seems to be 
very little to choose between the actual results ob- 
tained. 

D. J. Carney (authors’ reply)—Regarding Dr. Moore’s 
questions, one was the possibility of hydrogen coming 
off the palladium tube after the admission of the hy- 
drogen and the circulation of the gases. We ran a check 
early in the morning after admitting the hydrogen 
through the palladium tube. When we checked evolu- 
tion of hydrogen from the analytical portion of the 
apparatus, we never found any hydrogen from the 
palladium tube. We did not check the evolution within 
an hour after admitting the hydrogen and circulating 
it, because normally we were still blanking out at that 
time, but we did not encounter the trouble later in the 
day. Quite a few checks were made to see whether 
there was any hydrogen from the analytical portion 
of the apparatus. In fact, we ran approximately eight 
blanks a day. Almost every hour another blank was 
run just to be very sure what it was. 

In answer to the other question on the standard 
samples, we did not consider that possibility. It sounds 
very interesting. However, is the amount of hydrogen 
in this lead formate known accurately? 

G. A. Moore—There are two hydrogen atoms per 
molecule of lead formate, that is about one part hy- 
drogen in about 150 parts of the formate. The chemical 
is obtainable pure and dry. 

D. J. Carney—That sounds interesting. Perhaps some 
use can be made of this. 

G. Derge—One thing that has always worried me 
about this lead formate standard sample is that the 
hydrogen is not combined in the same way that it is 
in the steel sample. It is certainly liberated from the 
formate at a very low temperature and may not be- 
come dissolved in the iron. We know enough about the 
behavior of hydrogen and steel to know that it is 
tricky, so I would worry about it under these circum- 
stances, although the formate certainly has its advan- 
tages in that it is a very convenient form for weighing. 


The Sampling and Analysis of Liquid Steel for Hydrogen 


by D. J. Carney, J. Chipman, and N. J. Grant 


DISCUSSION, G. Derge presiding 


G. Derge—With the development of this last weapon, 
there is not much of a chance for hydrogen. It is cer- 
tainly a very interesting paper, and it gives us more 
confidence in sampling liquid steel for hydrogen than 
we have ever had before. This satisfactory work gives 
considerable confidence to all of the chilled methods 
of sampling which should be more or less successful 
depending upon the degree of chilling obtained. 

J. T. MacKenzie—How do you handle a nonmagnetic 
specimen in that device? 

D. J. Carney (authors’ reply)—I left that out in go- 
ing over the analytical procedure. For the 18-8 steel, 
what was done was to get some iron wire which was 
degassed. One turn of wire was made around the 
sample; it was inserted into the analytical apparatus, 
and that was enough to allow the magnet to pull the 
sample and drop it in the furnace. Other methods could 
‘be devised for this apparatus to do the same thing. 
This was just a quick method. 

C. E. Sims—This method of sampling and analysis is 
very ingenious, and the results obtained attest to a 
satisfactory degree of accuracy. It was noted in the 
paper that the samples are satisfactory only when there 
is a complete absence of pipe. This should be empha- 


sized, particularly in view of the fact that they are 
cut off under water. 

Some reservations are held in regard to the ade- 
quacy of the method of sample storage prior to analy- 
sis. Cooling on dry ice undoubtedly slows down the 
rate of diffusion to a marked degree, and it obviously 
suffices when the analysis is made within a few hours. 
All of the samples, except some of high-nickel steels, 
were analyzed within 12 hr. It is still unknown how 
long this method would be safe. 

In the work at Battelle Institute, it was impracticable 
always to start analysis within 12 hr for various rea- 
sons. Some samples did not reach the laboratory for 
several days, and some were held as long as a month 
before analysis. During this period, they were held 
over mercury, and the gas evolved at room tempera- 
ture was collected and analyzed. It should be men- 
tioned that both the mercury and the container must 
be kept very clean. 


G. DERGE, Metals Research Lab., Carnegie Institute 
of Technology, Pittsburgh, Pa.; J. T. MACKENZIE, 
American Cast Iron Pipe Co., Birmingham, Ala.; C. E. 
SIMS, Battelle Memorial Institute, Columbus, Ohio; 
S. MARSHALL, Carnegie-Illinois Steel Corp., Pitts. 
burgh, Pa.; J. F. ELLIOTT, U. S. Steel Research Lab. 
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In both the methods just described and in the Battelle 
method, where the molten steel is cast in a copper chill 
mold, there is a short period of grace during which 
the sample may be handled without loss of hydrogen. 
In the latter method, the sample was stored over mer- 
cury within 3 min. Some time after 10 min, but seldom 
later than 15 min, the first small bubble of hydrogen 
could be seen. After 30 min, there might be as much 
as % ml of hydrogen. The reason for the time lag is 
that, during freezing of a ferritic steel, the hydrogen 
is driven from the surface and concentrates toward 
the center of the specimen, and it takes some time to 
diffuse back. After about one week, as little as 10 pet 
or as much as 50 pct of the total contained hydrogen 
might escape. 

It was mentioned that some high-nickel steels, pre- 
sumably austenitic, were held as long as three days 
before analysis. Our experience showed that hydrogen 
does not evolve from austenitic steels, such as 18-8 
stainless, at a perceptible rate when held at room tem- 
perature. After holding some samples over mercury 


__for as long as a month without any visible evolution, 


subsequent samples were merely kept in marked enve- 
lopes while waiting analysis. These steels usually hold 
ile 2 to 5 times as much hydrogen as typical pearlitic 
steels. 

The results obtained here for commercial steels ap- 
pear to be of the same degree of magnitude as those 
obtained by the hot-extraction method. One point of 
difference noted in the reported analysis of commercial 
steels was the sharp increase in hydrogen content fol- 


- lowing the addition of manganese or silicon to the fur- 


“nace. We always noted a tendency for the hydrogen 
content to increase whenever the boil was stopped or 
even slowed down, but no such sharp increase as noted 
in some of these tests. In Heat No. 9, table VII, for 


_instance, the hydrogen increased from about 2.3 to 


5.5 ppm in 7 min after an addition of silicon. In the 
following heat, there was no change under apparently 
similar conditions. It does serve, however, to empha- 
size the fact that deoxidized steels are markedly more 
susceptible to hydrogen pickup than the same steels 
before deoxidation. 

G. Derge—I would like to add my comment on the 
advantages of using a quartz tube as an improvement 
on the conventional Taylor sampler. We have done it 
for some time in our laboratory in connection with 
oxygen sampling when we have had very small heats 
and they would chill up if we immersed the regular 
Taylor sampler into them. By using that little quartz 
tube on the end you not only get a better sample but 
it is much more convenient and easier to handle, and 
I am glad to know that this has been borne out in the 
hydrogen work. 

Concerning the problem of slow evolution of hydro- 
gen after a heat has become saturated: Are not the re- 
fractories a likely source of the gas? It takes about 4 
hr to bake the analytical system down to a satisfactory 
blank in a very good vacuum. It seems reasonable 
then, that when working on a much larger scale with 
porous materials which have been intentionally satu- 
rated with the gas, it should take a long time to com- 
pletely eliminate all of the hydrogen. 

S. Marshall—With reference to what you said, Dr. 
Derge, I have another thought about the observed slow 
evolution of hydrogen. It has been my experience that 
commercial helium contains hydrocarbons, and I won- 
der if the authors really had a pure helium atmos- 
phere. Was this possibility also considered in making 
up the known gas mixtures? For instance, where the 
gas supposedly contained 5.8 pct hydrogen it could 
have contained more, with the result that the metal 
sampling technique may not have been as accurate as 
‘the analytical results showed. 

J. F. Elliott—I want to add one point on this matter 
of the deoxidizer. In our laboratory, there has been an 
extended survey as to oxygen pickup by the tapping 
stream as metal goes from the furnace into the ladle. 
This is widely variable from heat to heat, depending 


upon the turbulence and the fall of the stream. If there 
is a wide variation in oxygen pickup, certainly there 
will be some effect caused by moisture in the air, and 
consequently the moisture content of the air will be a 
further variable. Perhaps some of the variability noted 
ea the deoxidizer has been added may be attributed 
o this. 

I also am pleased to note the unit of parts per mil- 
lion. It appeals to me. 

N. J. Grant (authors’ reply)—I would like to express 
my thanks first of all to everyone for contributing to 
the discussion. 

The first question that Mr. Sims raised concerned 
the safe storage time for samples which lose hydrogen 
during storage. Twelve hours was not a maximum time. 
It happened to be a time that was set as the safe maxi- 
mum necessary for us to consider in most instances. 
This was more than adequate when one considers that 
the total analytical time for any one sample was only 
15 min. As a result, we could easily take twice as many 
samples as others have been able to take, since we 
were able to analyze many more than twice as many 
samples during the same period of time; and we found 
it unnecessary to store samples more than 12 hr. We 
are not sure how much longer than 12 hr ferritic 
samples can be kept. 

However, on samples which were stored up to 12 
hr, we took periodic checks and found that there was 
no measurable loss of hydrogen over that period of 
time. There might be a small loss, if the hydrogen were 
extremely high. 

Regarding the remarks on mercury storage, I might 
add that in a side study using the same equipment we 
have studied a large number of cathodically charged 
1020 steel samples. We tried checking some of these 
under a mercury column, and I think the most im- 
portant thing I can say is that out of several dozen 
samples which were run over that period of time, we 
did not get a uniform evolution of hydrogen. We found 
some steel samples with as much as 9 ppm in which 
the hydrogen was lost rather slowly over a period of 
72 hr. We found other samples with as little as 3 and 
4 ppm in which the hydrogen was lost at a much more 
rapid rate. I recall three or four samples in particular 
which had about 5 ppm in which for the first period 
of a half hour there was no evolution of hydrogen. 
We feel that the rates which have been indicated by 
the mercury storage system are neither accurate nor 
reproducible. 

Regarding the evolution in austenitic steels, I think 
we concur. We did not run extensive tests on hydrogen 
evolution out of austenitic steels, but I think we feel 
the same way, that the evolution is very, very slow 
and that the samples were probably stable for a long 
period of time. 

Our results show that manganese was seldom effec- 
tive in bringing about a change in hydrogen content. 
In one or two instances small jumps were noted, how- 
ever manganese being a poor deoxidizer had a small 
effect on the hydrogen content. 

Silicon, which is, of course, a much more effective 
deoxidizer, brought about bigger jumps in the hydro- 
gen content, and in these particular instances we feel 
that the increase in hydrogen is due to the pickup of 
hydrogen from water vapor either in the openhearth 
furnace refractories or in the slag itself. Under those 
circumstances hydrogen in the slag over a deoxidized 
bath could certainly account for the hydrogen pickup. 

I think that this is the answer to Dr. Derge’s ques- 
tion where he suggested a source for hydrogen in the 
experimental furnace. We think it was water vapor 
in the refractories that could have been giving us this 
slow change which resulted in a final value between 
1 and 2 ppm of hydrogen. 

D. J. Carney—Regarding Mr. Marshall’s question, I 
took a gas sample at the end of the second hour, and 
there was no hydrogen in the exit gas. I did not analyze 
per hydrocarbons, however, so that there is that possi- 


bility. 
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The Mechanism of Sulphur Transfer between Carbon-Saturated Iron 


and Ca0-SiO,-Al,O, Slags 


by G. Derge, W. O. Philbrook, and K. M. Goldman 


DISCUSSION, J. S. Marsh presiding 


T. Rosenqvist—The most interesting point in this 
paper is the observed transfer of iron into the slag in 
the initial stage of the desulphurization process, after 
which the iron again is reduced to the metallic state. 
The authors interpret this observation as showing that 
the sulphur enters the slag as an iron-sulphur com- 
pound which subsequently is decomposed by the slag. 

The present writer has previously suggested the fol- 
lowing equation for the desulphurization process: 


S403 S40 [1] 


For equilibrium in the blast furnace the oxygen 
potential is defined by equilibrium with graphite and 
CO of 1 atm pressure: 


Cc +0 CO [2] 


During the desulphurization process the reactions 
proceed in the direction of the arrows. If one assumes 
eq 2 to be significantly slower than eq 1, the transfer 
of sulphur into the slag, in accordance with eq 1, will 
build up a local oxygen potential at the metal-slag 
interface very much higher than that corresponding 
to the value defined by eq 2. This is possible because 
the equilibrium oxygen potential in eq 1 is high as 
long as the sulphur content in the slag is low. This 
oxygen potential will again be able to oxidize some 
iron: 

Fe + O- Fe* + O* Es 


and an increase in the iron content of the slag will be 
observed. Adding up eqs 1 and 3 one obtains: 


S + Fe >: St + Fe* 


The net effect is thus in harmony with the experi- 
mental observation but is obtained without assuming 
any close ties between the sulphur and iron atoms 
during the process. 

Furthermore, it follows from eqs 1 and 2 that when 
the sulphur content in the slag increases, and equi- 
librium with C and CO is finally approached, the local 
oxygen potential at the metal-slag interface will de- 


crease, and the iron in the slag will be reduced back 


into its metallic state. 


T. ROSENQVIST, University of Chicage, Chicago, 
Ill.; C. E. SIMS, Battelle Memorial Institute, Columbus, 
Ohio; L. S. DARKEN, U. S. Steel Corp. Research Lab., 
Kearny, N. J.; J. E. STUKEL, Youngstown Sheet and 
Tube Co., Youngstown, Ohio; E. SMITH, Republic Steel 
Corp., Cleveland, Ohio; B. M. LARSEN, U. S. Steel 
Corp. Research Lab., Kearny, N. J. 


C. E. Sims—The data and conclusions presented in 
this paper are thoroughly convincing in establishing 
the mechanism of sulphur transfer from iron to slag 
as in a blast furnace. The evolution of gaseous CO in 
step 3 of the reactions given on p. 1112 makes the 
process virtually irreversible. Assuming that the pro- 
cess is similar in slag-metal systems other than in the 
blast furnace, it is readily seen why free CaO and re- 
ducing conditions so greatly favor desulphurization. 
On the other hand, the very effective desulphurization 
obtained in oxidizing slags when strongly basic, must 
be attributed to the relatively high stability of CaS 
as compared to FeS. 

The ease and simplicity with which the reactions of 
classic chemistry agree with the experimental data and 
explain the mechanism is noteworthy. The concept of 
molecules of FeS, soluble in both phases (metallic iron 


is not soluble in the slag), migrating from the iron to 
the slag and there reacting with CaO, which is soluble 
only in the slag phase, is clear and uncomplicated. 
This is likewise true for step 3. Those who would deny 
the existence of molecules or molecular-type combina- 
tions in liquid iron, must strain to provide a mechanism 
so lucid. In the absence of molecules, the Fe and S 
exhibit a remarkable collusion. 

L. S. Darken—The investigation and interpretation 
of rate phenomena in the range of steelmaking tem- 
peratures is a difficult task. Most of the laboratory in- 
vestigations of steelmaking reactions have been con- 
cerned with equilibrium. Having determined the equi- 
librium, our attention naturally focuses next on the 
mechanism and rate of approach to equilibrium. The 
authors seem to have contributed substantially to our 
understanding of these factors for the case of sulphur 
transfer. 

I should like to ask the authors whether they con- 
sider that the sulphur transfer reaction is diffusion 
controlled as many high-temperature reactions seem 
to be. If so, it would seem reasonable to suppose that 
the slow diffusion step of the process is the transfer 
across a pseudo-static layer or film similar to that con- 
sidered in heat flow problems. As the diffusivity and 
fluidity are smaller for the slag than for the metal, it 
may tentatively be assumed that the sulphur gradient 
exists in a thin layer in the slag adjacent to the slag- 
metal interface and that the metal and the main mass 
of slag are each maintained uniform by convection. 
On this basis the amount of sulphur transferred across 
unit area per unit time is D p (AS%)/100 Al, where D 
is the diffusivity, p the density, (AS%) the difference 
in percent sulphur on the two sides of the layer, and 
Al is the layer thickness. At the beginning of the 
experiment the main body of the slag and hence one 
side of the layer contains no sulphur; therefore (AS%) 
may be replaced by (S%), the sulphur content of the 
slag at the slag-metal interface, which in turn is equal 
to L[S%] where [S%] is the sulphur content of the 
metal and L is the distribution coefficient. The rate of 
transfer thus becomes DpL[S%]/100 Al, which the 
authors designate K[S%]. Equating these two quan- 
tities and setting D = 10° cm’ per sec, p = 3 g per cm’, 
L = 40, and K = 10% g cm” sec’, it is found that Al, 
the film thickness, is about 0.01 cm—a value of the 
order of magnitude of that found in heat transfer prob- 
lems in liquids. The uncertainty of the numerical 
values used leaves much to be desired, but at least it 
can be said that this calculation tends to support the 
proposed model involving diffusion through_a film. 

Although this does not seem to affect the general 
argument, I should like to call attention to the fact 
that the diffusivity® of sulphur in hot metal is found 
(on conversion of units) to be about 10+ cm? per sec 
rather than 10“ cm’ per sec as stated by the authors. 

The three equations written by the authors to ex- 
press the steps in the overall process of sulphur trans- 
fer may alternatively be written ionically as only two 


Fe +S = Fe* + S-- [4] 
Fe** a Ors a Cc (graphite or metal) = (exe) (gas) + Fe [5] 


where the underscore is used to designate the metallic 
phase; ionic species are slag constituents. After the 
authors have so neatly demonstrated that iron and 
sulphur transfer together (at least initially), this fact 
seems almost self evident; from eq 4 it is seen that if 
sulphur acquires a negative charge during transfer 
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then something else (iron) must simultaneously be 
transferred to preserve electric neutrality. 

‘ The relative slowness of reaction 5 as compared to 4 
is not difficult to understand. This reaction 5 involves 
a minimum of three phases (metal, slag, and gas) 
which must be present simultaneously. In general, 
three material bodies can have only a line in common. 
If gas bubbles are not nucleated (and all evidence 
indicates this to be difficult), then this reaction can 
proceed only on the circular ring where the slag-metal 
interface is in contact with the pores of the graphite 
crucible, or by nucleation of iron droplets. This rea- 
soning also indicates that mere increase of the extent 
of the slag-metal interface does not promote reaction 
5—a fact observed in other studies. 

In spite of the excellent work reported in this paper, 
there remains the possibility that the experimental 
conditions may differ so much from those in blast fur- 
nace operation that direct application may not be as 
fruitful as hoped. The experimental sulphur contents 
(in the metal) are very much higher than those en- 
_ countered in blast furnace practice—high enough to 

approach saturation with iron sulphide. The iron con- 

tent of the slag is also much higher than in practice. 

We have been doing some work on the remelting of 

blast furnace iron and slag. These are remelted in a 

small graphite crucible—2 in. long, 34 in. OD—without 

stirring. We were somewhat surprised to find that the 

sulphur in the metal dropped (at 1500°C) from 0.027 

to 0.010 pct in 2 hr and thereafter did not change in 

times approaching 70 hr. Similarly at 1400° and 1600°C, 
_we found an initial rapid drop and no significant sub- 
sequent change in sulphur content. This is difficult to 
reconcile with the results of the present paper and 
with other results. It does seem to indicate a possibility 
of some difference in mechanism under different con- 
_ditions. Although the nature of the difference is not 

obvious, a few possibilities come to mind: (1) Perhaps 
the slow diffusion stage may be in a thin layer of slag 
(as suggested above) in one case but in a similar thin 
layer of metal in the other; (2) although reaction 5 
may be slow there are alternative reactions if we are 
not restricted to a simple system. For example, silicon 
or manganese could replace carbon as a reducing agent 
—in which case the gas phase is not a prerequisite. In 
such case the amount of silicon or manganese would 
have to be larger (presumably much larger) than that 
required for this reaction—this condition normally pre- 
vails in blast furnace practice but not in the present 
experiments. 

I would like to ask the authors whether they have 
any evidence or opinion as to whether their proposed 
mechanism, which seems to fit the initial stage of sul- 
phur removal, is also applicable to the later stage 
when the sulphur is considerably lower. 

J. E. Stukel—During my association with Carnegie 
Institute of Technology, a number of experiments, sug- 
gested by Dr. Derge, were carried out to determine 
the effect of an electric current on the rate of sulphur 
transfer. Using CaO-Al,O,-SiO, slags and carbon-satu- 
rated iron containing sulphur, a direct current was 
passed through the system perpendicular to the slag- 
metal interface. No effect was observed on the rate of 
sulphur transfer from the metal to the slag despite 
the changes in voltage, current density, and current 
direction. These results seem to substantiate the con- 
clusions reached by the authors in the present paper. 

E. Smith—Most of these experiments concern the 
transfer of iron saturated with sulphur to the slag, and 
I wonder sometimes whether we are on sound ground 
in working that way, because in the iron-reducing 
industry, where they do not melt the iron, there are 
some rather unusual things to think about. 

I am quoting here from the writings of Eketorp on 
Hoéganas iron, from the 1945 record. It is available in 
the British Iron and Steel Institute’s translation. I have 
had two or three discussions with Eketorp about it, 
but he shows Héganas iron is 97.2 pct iron—94 pct of 
the metallic with 0.009 sulphur in it. Now, it is true 


he started out with an 0.005 sulphur ore, but, under 
certain circumstances, if you do not melt this iron, it 
remains very, very low in sulphur, and John Whiting’s 
figures in the 1938 paper of the American Iron and 
Steel Institute, on the furnaces that he and his men 
dug out at Alan Wood, show the sulphur in the iron— 
that is, the metallic portions—to be very much lower 
than is generally the case now. Dr. Darken’s comment 
about what the reaction rates would be in low sul- 
phur is worth while thinking about. After looking at 
Hoganas figures, D. E. Babcock and I began wishing 
for the first time we would have a catastrophe on a 
blast furnace so we could get a chance to see some of 
this stuff in place. At Youngstown, about a year ago, 
we had a very bad hearth break-out that caused enough 
damage to stop the furnace. Instead of the usual dig- 
out through the tuyeres, with one side out of the fur- 
nace open, we had an opportunity to go in and get 
some of the stuff that was there, and I dug out one 
lump of lime that was 8 ft above tuyere level and 4 ft 
in from bosh wall. Even though the furnace had been 
soaked out, the lump still had a tremendous concen- 
tration of sulphur in the outside bark. I wonder if that 
blast furnace is not acting like Eketorp’s Héganas re- 
duction. 

The figures of John Whiting’s are not 1 pct sulphur 
iron; they are 0.3 and 0.4 sulphur, and even lower, and 
Eketorp was shipping lots of iron under 0.010 sulphur. 

I wonder in some cases if we do not resulphurize the 
iron as we come to the hearth and desulphurize it as 
it stays there, but I do not like to see you calculate it 
entirely on an iron-sulphide equilibrium. On some of 
the figures we get I am prepared to say I do not know 
whether it is the same iron in the same slag, but the 
kind of iron that a blast furnace will make occasionally 
is something to be hoped for. 

I wonder if anyone had a chance to dig a lump of 
lime out in a place not soaked with water. The lump 
we had has a cored effect, with a tremendous absorp- 
tion of sulphur; and surely we did not have all of it 
because of the water that had been on the furnace. If 
anybody should have a lump of lime from one of those 
furnaces and has the composition, I would appreciate 
knowing what it is, and if anybody has figures from 
Hoéganas on what the coal and lime is on the Swedish 
reduction, I would appreciate very much having it, 
because I would still like to know what is going in 
that does not go into the iron. 

B. M. Larsen—For the sake of an ultimate under- 
standing of the exact mechanism of this process I 
would merely like to mention here certain possibilities 
to be kept in mind. Recent data tend to indicate that 
the blast furnace does not quite reach equilibrium in 
sulphur removal, so the most interesting possibility is 
that of some limiting step which makes it difficult to 
approach the true equilibrium. 

Is it possible that there is enough carbon in solution 
in blast furnace slag (as in the carbide slag in the elec- 
tric furnace) to react with FeO by a homogeneous re- 
action? At any rate, whether by this mechanism or by 
a surface reaction with coke surfaces, perhaps the dif- 
ficulty is that of evolving CO bubbles. Perhaps the 
main pool of slag and metal is in effect in equilibrium 
with several atmospheres pressure because of reluct- 
ance to form bubbles of CO, once the slag and metal 
have dropped into the pool on the hearth? 

As. regards the movement of most of the sulphur in 
a commercial blast furnace, it seems probable that 
most of the sulphur comes by liberation from the coke 
by the combustion at the tuyeres, and much of this 
sulphur must start upward in the gas phase. We find, 
at most, only extremely small traces of sulphur in the 
top gases, but this is probably due to the fact that the 
tall shaft and its contents make an extremely efficient 
trap for sulphur absorption from the gases, with iron 
oxide, sponge or liquid iron, and lime lumps all re- 
active toward sulphur compounds. 

C. E. Sims—I can report some experiences that con- 
firm the observations of Mr. Smith. Some years ago 
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I was working on the low-temperature reduction of 
iron ore by mixing it with coke and heating it to about 
1800°F in a rotary kiln. When granulated limestone or 
burned lime was added to the charge, it absorbed a 
large part of the sulphur. It seems obvious, therefore, 
that this also occurs during the reduction stage in a 
blast furnace. Later, when the lime melts and becomes 
combined as a silicate, much of this sulphur transfers 
to the liquid iron. 

G. Derge, W. O. Philbrook, and Kenneth M. Goldman 
(authors’ reply)—The authors appreciate the sugges- 
tive comments which have been made and wish to 
thank the discussers for their interest. Many of the 
questions will be resolved by research which is now 
in progress. The authors would like to indicate their 
position on a few items. 

The ionic reactions proposed by Dr. Darken and by 
Mr. Rosenqvist are certainly possible alternatives to 
the mechanism of the authors. However, neither pro- 
posal takes complete account of all the reactants in- 
volved, and they would both require additional con- 
firmatory evidence to become established as correct. We 
certainly agree that slag-metal reactions must finally 
be thought of in ionic terms’® ” and welcome the ac- 
ceptance of this idea, but the experiments at hand do 
not seem to contribute directly to new knowledge of 
this type. Experiments of the type reported by, Mr. 
Stukel should be definitive on questions in this field, 
and we look forward to their completion. 

The authors wish to emphasize the position taken in 
the paper, that the schematic representation of the 
mechanism we have used is not to be taken literally 
and only indicates the types of association which prob- 
ably exist in highly solvated form in both the slag and 
metal phase. This would be our only comment on the 
discussion of Mr. Sims. 

We agree with Dr. Darken that the concept that the 
reaction may be diffusion controlled through a thin 
stagnant film at the interface is a plausible one which 
is consistent with theories of heat transfer, absorption, 
and other processes involving fluid on one or both sides 
of an interface. The question is largely a formal one of 
method of treating a heterogeneous reaction because 
evidence of such a film has not been established as it 
has for some of the processes which have been studied 
intensively by chemical engineers. 

The importance of CO evolution as a rate-controlling 
process and the difficulty of bubble formation was 
brought out by Messrs. Sims, Darken, and Larsen. If 


this is so, the experiments indicate that the slag-metal | 


interface can nucleate CO bubbles, for the rate of sul- 
phur transfer is directly proportional to this factor. 
It would also appear that in any commercial blast fur- 
nace there is ample solid surface available at slag-coke 


and slag-refractory interfaces so that nucleation should 
not be difficult. 

It is true that these laboratory experiments were 
made in concentration ranges which were designed to 
give good analytical data and elucidate the general 
features of the sulphur reaction. However, we feel that 
careful consideration of the data gives no indication 
that the features which have been observed are not 
operative in a blast furnace. The rate constants of 
table II, and those reported by Chang and Goldman,” 
apply over a wide range of composition which actually 
overlaps the values reported for the sulphur in iron in 
the region of the bosh and tuyeres by Kinney.* Similar 
slag and metal compositions have long been used in 
laboratory studies, such as those of Joseph,* which 
have been tested by time and found pertinent and 
useful in interpreting blast furnace operation. The 
slag compositions are quite comparable with com- 
mercial practice. The behavior of the “reacted slag” 
in the “reverse transfer” experiments of fig. 7 also 
suggests that the processes are reversible and apply 
equally well to transfer from slag to metal, even 
though the evidence in this direction is not complete. 
It is therefore necessary to produce some pertinent 
evidence, if the general applicability of the mechanism 
to blast furnace operations is to be discounted. 

As Mr. Larsen has indicated, a relatively small 
amount of sulphur leaves the blast furnace as top gas. 
Regardless of the reactions above the tuyeres, the 
sulphur output is through the slag and metal. There- 
fore, even if the solid reactions of lime and iron dis- 
cussed by Mr. Smith occur, as they probably do, the 
final sulphur content of the iron is largely determined 
by rates of slag-metal reactions, for it would appear 
from the work of Hatch and Chipman’ that equilibrium 
is seldom realized. The solid reactions in the shaft 
have been examined by Kinney,* who shows that stone 
which contained only 0.04 pect S as charged analyzed 
0.7 pet S above the bosh, accounting for about 25 pct 
of the total sulphur charged. Kinney also showed that 
sponge and pelletized iron absorb sulphur from the 
coke, until they become covered with slag in the bosh 
region. 

In the active continuance of this program, the influ- 
ence of alloying elements such as silicon and manganese, 
the quantitative relations of CO evolution, and the 
relative importance of slag-metal and slag-graphite 
interfaces are all under study, and other factors will 
be included as the opportunity arises. 
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Evaluation of pH Measurements with Regard to the Basicity of Metallurgical Slag 
by C. W. Sherman and N. J. Grant 


DISCUSSION, J. S. Marsh presiding 


W. O. Philbrook—The authors are to be complimented 
for a very careful and exhaustive investigation of the 
pH method and particularly for the thoroughness of 
their efforts to correlate the pH measurements with 
the chemical properties of the slags. The extension of 
the method to blast furnace slags was especially in- 
teresting and fruitful. 

The modifications of technique required for this 
work can probably be attributed to the greater extent 
of hydrolysis of blast furnace slags compared with 
openhearth slags, as indicated by the propensity of the 
former to clot upon the addition of water or acids be- 
cause of the formation of gelatinous silicic acid. It has 
been well established that there is no “right” value for 
the pH of a slag, because the values obtained depend 


upon details of the procedure which are somewhat 
arbitrary. 

The authors have made the interesting discovery 
that pH readings for both blast furnace and openhearth 
slags fall on the same correlation line relating pH to 
millimols of excess CaO, the latter being calculated 
on the hypothesis of metasilicate compounds in the 
solid slag. The apparent accuracy of this correlation 
is perhaps unduly enhanced by the condensed pH scale 
used in plotting. In figs. 8 and 9, the ordinate scale 


W. O. PHILBROOK, Carnegie Institute of Technol- 
ogy, Pittsburgh, Pa.; W. A. SMITH, J. MONAGHAN, 
and W. HAY, Clyde Tube Works, Stewarts and Lloyds, 
Ltd., Coatbridge, Scotland; G. HATCH, Armour Re- 
search Foundation, Chicago, IIl. 


1338—JOURNAL OF METALS, NOVEMBER 1950, TRANSACTIONS AIME, VOL. 188 


OO 


ranges from pH 7 to 12, but experimental points fall 
only in the range from 9 to 12. The practical applica- 
tion of the correlation would be to predict an excess 
CaO value from a measured pH. Using figs. 8 or 9 for 
illustration, at pH 10.5, one would predict an average 
value from the line of excess CaO = 1.2, millimols 
(log millimols = 0.09), but actual experimental points 
range from 1.0 to 1.5 millimols (log millimols 0 to 
0.18). If one draws on fig. 9 a band which includes most 
of the experimental points, it will be found that for 
any given pH value, the range of excess CaO values 
is about + 25 pct of the average value. It may be noted 
also that in going from figs. 3 and 4 to fig. 6, the authors 
have dropped about a dozen points, including all those 
of pH less than 9, and in passing from figs. 7 to 8 they 
have omitted 4 points including all those of pH less 
than 10. These comments do not in any way deny that 
a correlation exists, but serve to point out that it is 
not highly precise—in fact no more precise than the 
empirical relationships between pH and lime-silica 
ratio for openhearth slags that have been obtained in 
; the work covered by the first three references of the 
- paper. When it is considered that the hypothetical 
metasilicate compounds that serve as a basis for the 
excess CaO calculation seem to have no real significance 
in relation to the properties of molten openhearth slags, 
it must be concluded that the present paper has not 
extended the usefulness of the pH method for the 
openhearth operator. 

For the blast furnace operator, on the other hand, 
the paper offers a good possibility for a new control 
tool. It would seem well worth while to attempt a cor- 


relation between pH values of flush and cast slags and 


the sulphur content of the iron cast, due regard being 
given to the influence of other simultaneous variables. 
Fig. 12 suggests that a reasonable correlation might be 
found, but a practical test is needed. Slag pH values 
~ might provide a logical basis for short-run changes of 
blast temperature to compensate for variations in slag 
composition resulting from nonuniformity of raw ma- 
terials, or for minimizing swings in sulphur content 
until burden changes can become effective. 

One of the most significant observations in the paper 
is independent of the pH studies and deserves treat- 
ment in a separate report. Fig. 11 represents a new 
method of interpreting the Hatch and Chipman data 
on the equilibrium desulphurizing power of blast fur- 
nace slags. Fig. 11 presents an exceptionally good cor- 
relation—almost phenomenal for process metallurgy 
data. If the correlation is significant, then an important 
conclusion regarding the chemistry of desulphurization 
seems to stem from the method of calculation. In cal- 
culating excess CaO, the acids in the slag are first as- 
sumed to have been neutralized by the bases on a 
mol-for-mol basis. Silica and alumina are given equal 
weight as acids, and magnesia and lime are equally 
strong bases in the neutralization of acids. After the 
acids have been neutralized, however, only excess CaO 
is effective in desulphurization; and, significantly, it 
matters not whether the Ca is present in the slag as 
CaO or CaS. This seems to imply that free Ca (as some 
ion, atom, or molecule) exerts a mass-action influence 
on desulphurization. Presumably free MgO is not at 
all effective in desulphurization, although it is as active 
as CaO as an acid neutralizer. The influence of manga- 
nese is unknown for want of data. This represents a 
new viewpoint on desulphurization by nonoxidizing 
slags, and we would like to know whether the authors 
believe this to be a necessary or reasonable interpre- 
tation of their data. 

The authors have not at all improved the usefulness 
of the pH method to openhearth control, but they may 
have provided a new tool which can be developed to 
offer some short-range control of sulphur variation in 
blast furnace iron. Their treatment of the Hatch and 
Chipman data has suggested a new viewpoint on the 
chemistry of desulphurization by nonoxidizing slags. 

W. A. Smith, J. Monaghan, and W. Hay—The authors 
are to be congratulated on their very eareful work on 


pH measurements, which has contributed to a further 
understanding of the meaning of basicity. The evidence 
that the same relationship exists between the pH of the 
water extract and the millimols excess CaO for blast 
furnace and openhearth type slags, extends the range 
of usefulness of the pH technique and provides sup- 
port for the assumptions made in calculation of the 
excess CaO. 

That the V-ratio is an inadequate parameter for com- 
parison against pH measurements has been demon- 
strated by earlier work, though the authors do not 
quote results over a sufficient range of basicity to 
enable one to judge if the correlation is any poorer 
than that reported by the writer or other workers. 

The V-ratio cannot be entirely dismissed however in 
a consideration of slag-water extracts, as is evident 
from the close relationship which exists between log 
V-ratio and log specific conductance of the water ex- 
tract. A further examination of the conductance data 
by Kerlie’ showed the relationship between V-ratio 
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and conductance might also be represented by a series 
of straight lines, passing through zero conductance at 
about 1 V-ratio, and with breaks at about 2 and 3 
V-ratios corresponding approximately to the 2CaO - 
SiO, and 3CaO - SiO, compositions, the conductance 
increasing more rapidly with basicity after each break. 

This and other evidence suggests CaO to be the main 
constituent responsible for the conductance effect, the 
amount leached out by the water being proportional 
to the excess CaO above that required to form CaO - 
$10,, 2CaO, SiO, and 3CaO - SiO,, in turn. That only 
a proportion of the CaO present takes part is evident 
from the abnormal effect which occurs in the presence 
of CaO incompletely digested in the slag. Lack of com- 
plete analyses prevents calculation of the millimols 
excess CaO on the slags used for the conductance in- 


' vestigation, but a comparison of specific conductance 


values with the pH measurements on the slags used 
by the authors would be of interest and should throw 
further light on the subject. 

No mention is made in the paper of the type of elec- 
trode used for the pH measurement. Some difficulty 
was found by the writers in using a glass electrode at 
high pH due to attack of the glass and a time lag be- 
fore a steady reading could be obtained. Even with an 
alkali resistant glass electrode, considerable care was 
needed to obtain reproducible results, this being a con- 
tributory reason for abandoning pH measurement in 
favor of conductance. Perhaps the authors’ could state 
their experience in this, and the type of electrode they 
found to be most suitable. 

G. Hatch—I should like to discuss fig. 11. For metal 
samples containing 0.006 pct sulphur or less, the in- 
accuracies in chemical analyses alone are + 10 pct, or 
more. Thus, in the upper portion of the plot shown in 
fig. 11, it is only natural to expect a scattering of 
points. 

Second, the lower point on this plot is actually not 
an equilibrium point. This particular run was remelted, 
and equilibrium was established. The equilibrium dis- 
tribution ratio for the run is actually 140 and not 100, 
as indicated in the plot. 

Now, undoubtedly there is a correlation between the 
index of excess lime developed in the paper and the 
sulphur distribution ratio. The only point I wish to 
make is that this particular line, in which every point 
is on the line, actually detracts from the significance 
of this index, excess lime, as a means of correlating 
equilibrium sulphur distribution ratios. 

C. W. Sherman (authors’ reply )—The authors wish to 
thank the discussers for their comments on the paper. 
We are especially indebted to Dr. Philbrook for a 
complete discussion of the work. It might be well to 
say at this time that we were not attempting to cham- 
pion the pH method but were trying to examine the 
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method critically in the hope that the results them- 
selves would indicate its degree of usefulness. 

Dr. Philbrook commented on missing a few points 
on figs. 6 and 9. The points that we left off these two 
figures were slags of very low basicity and could not 
be fitted on a log plot conveniently. If they had been 
included, the majority of the data would have been 
grouped so closely that the scatter of points would not 
have been evident. 

The summary of the interpretation of the Hatch and 
Chipman data emphasizes precisely the viewpoint of 
the authors with regard to the behavior of nonoxidiz- 
ing slags. Further research is being conducted in an 
attempt to substantiate this interpretation. 

In answer to Dr. Hatch, the straight line relation in 
fig. 11 would not be as straight had it not been for the 
very careful work of Dr. Hatch in his original investi- 
gation. The heats took 9 or 10 hr to make, and the fact 
that he stuck with them to the bitter end shows up in 
this plot. He mentions one heat that had a sulphur 
ratio of 140 when remelted. Many things can occur 
when one remelts the slag. The equilibrium conditions 
might not have been the same. Since the remelted 
heat had not been completely analyzed, the datum 
plotted represents the value for the original heat. The 
authors fail to see how the fine correlation of the data 
detracts from the significance of the index, excess CaO. 


There is one additional point that I would like to 
explain since I was associated with Dr. Hatch in this 
work. Sulphurs were analyzed as closely as possible 
because of the variation in high sulphur ratio at low 
metal sulphurs. The metals ran as low as 0.004 pct S. 
An error of 0.0005 pct was significant. It was felt that 
the combustion method of analysis for sulphur, very 
carefully employed, would give + 0.001 pet accuracy. 
That was the best that could be hoped for. Many of 
these analyses were made by the writer. When the 
results were first reported, the writer recommended 
that in each case the higher sulphur value from dupli- 
cate sample be reported. In other words, if 0.0055 and 
0.006 were found, 0.006 pet was accepted. If 0.005 and 
0.006 were found, 0.006 pct was reported. There were 
three points in fig. 11 that did not plot exactly right, 
but going back and checking the data and averaging 
the original duplicate sulphur analyses made the three 
values fall right on the line. 

In reply to Messrs. Smith, Monaghan and Hay, the 
same difficulty was experienced with electrodes that 
they mentioned. However, the glass electrode with its 
accompanying time lag seemed to give results that 
were reproducible. The electrode was rechecked after 
each unknown sample by measuring the pH on buffer 
solutions of pH 4 and pH 8. 


The Manganese Equilibrium Under Simple Oxide Slags 


by J. Chipman, J. B. Gero, and T. B. Winkler 


DISCUSSION, M. B. Bever presiding 


D. C. Hilty—This paper is a useful and timely addi- 
tion to our store of quantitative data relating to manga- 
nese distribution between slag and metal in steel- 
making processes. For some time, many of us have 
suspected that the values of Km, derived by Korber 
and Oelsen might be too low, and this paper now ap- 
pears to confirm that suspicion. Application of the new 
constant to openhearth data should prove interesting. 

The manganese deoxidation curves of fig. 4 agree 
fairly well with direct measurements of isothermal 
solubilities of oxygen in liquid iron containing manga- 
nese that have recently been made at the Union Car- 
bide and Carbon Research Labs., Inc. According to the 
solubility data just mentioned, however, the curves for 
1550° and 1600°C lie much closer to each other than 
the authors have indicated. In other words, the solu- 
bility measurements suggest that the logarithm of the 
oxygen solubility is not a linear function of the re- 
ciprocal of the absolute temperature, as the authors 
have assumed for their calculations. 

It seems possible that this discrepancy may be due 
in part to the authors’ use of the distribution coefficient, 
Lo, obtained from Taylor and Chipman’s curve for the 
solubility of oxygen in iron as shown in fig. 2. Taylor 
and Chipman gave the equation of this curve as 


—6320 


Log % O = 42.734 


Their data, however, can be fitted equally well by a 
curve having the equation: : 


13223 50.10¢ 1.18 x 10° 
Moreover, this curve also fits the authors’ oxygen dis- 


tribution data somewhat better than does the linear 
curve of Taylor and Chipman. Its use in the derivation 


D. C. HILTY, Union Carbide and Carbon Research 
Labs., Niagara Falls, N. Y.; J. E. STUKEL, Youngstown 
Sheet and Tube Co., Youngstown, Ohio. 


Log % O = 36.350 — 


of Lo for calculation of the deoxidation curves by the 
authors’ eq 15 causes the effect of temperature on the 
calculated curves of fig. 4 to agree quite well with the 
temperature effect that has been observed. An experi- 
mental determination of the temperature coefficient of 
the manganese reaction appears to be desirable. 

J. E. Stukel—Because the authors have done such an 
excellent job, my comments will be confined to addi- 
tional information. 

Very shortly Professor T. L. Joseph and I will pub- 
lish the results of a study of the reaction between 
molten manganese and silica. It was found that elec- 
trolytic manganese, melted in silica crucibles, reacted 
with the silica to form a silico-manganese alloy con- 
taining 18 pct silicon (1500°C) and a silica saturated 
MnO-SiO, slag. Therefore, the presence of silicon and 
its oxides in the Fe-Mn-O system will affect the equi- 
librium. 

Carbon is also an important factor. The higher the 
carbon content of the iron the less ability manganese 
has to reduce silica. As a matter of interest, recently a 
study of the manganese equilibrium in carbon satu- 
rated iron and blast furnace slags was completed at 
Carnegie Institute of Technology. As a comparison to 
the present study, 2 to 5 hr were required to reach 
equilibrium and temperature was a much more im- 
portant factor than slag composition in determining 
the (Mn)/(MnO) ratio. These results will also be pub- 
lished in the near future. 

It can be seen, therefore, that the results of this 
paper cannot be applied directly to openhearth studies 
without a degree of flexibility. 

J. Chipman (authors’ reply)—With regard to the 
effect of silicon on the manganese constant, this effect 
is, of course, known. Much more data is needed in 
order to establish it accurately, and I hope we can 
look forward to having some accurate data on that. 

Mr. Hilty suggests that a three-term expression for 
the Taylor-Chipman solubility of oxygen in liquid iron 
might fit a little better than the two-term equation. I 
think that it would be too great a compliment to the 
precision of the data to employ a three-term equation, 
and I would still recommend the simple, two-term 
expression. 
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Equilibrium in the Reaction of Hydrogen with Oxygen in Liquid Iron 
by M. N. Dastur and J. Chipman 


DISCUSSION, C. E. Sims presiding 


L. S. Darken—It is gratifying to find that, as a result 
of this careful and painstaking investigation, the dis- 
crepancy in the oxygen pressure of oxygen saturated 
iron (shown in table II as determined from data above 
and below the melting point, respectively) is now 
greatly reduced. As pointed out by the authors, how- 
ever, the remaining discrepancy of 0.13 log unit, or 
about 25 pct, is real and is greater than either of us 
would like to admit as error in our data. 

The current upward revision of the aluminum de- 
oxidation constant suggests the faint possibility that 
aluminum from the alumina crucibles used may affect 
the present results. Although this seems unlikely, I 
would like to ask the authors if they analyzed for 
aluminum and, if so, whether any effect of this type is 
indicated. 


_L. S. DARKEN, U. S. Steel Corp. Research Lab., 
Kearny, N. J.; N. A. GOKCEN, Massachusetts Institute 
of Technology, Cambridge, Mass. 


N. A. Gokcen—Analysis of some of the similar heats 
indicated that the aluminum content within the range 
of oxygen activities of this work is extremely small. 
Therefore, the present work is not affected at all by 
any aluminum reduced from the alumina crucibles 
used in this investigation. 

J. Chipman (authors’ reply)—I think some day we 
will find the source of this rather minor discrepancy. 
If you look back at the old data, instead of 0.13 log 
units, in 1934, we had about 1.5 log units, and in 1942 
we had about 0.6 log units as the discrepancy. The two 
series of data are certainly converging and we will 
get to the bottom of this some day if you give us time. 

The aluminum in these melts is known to be less 
than 0.1. How much less I would not venture to say. 
Mr. Gokcen is working on this same reaction in alumina 
crucibles at much lower oxygen concentrations where 
the aluminum will have probably a very important 


effect. We hope you will hear about this at next year’s 
meeting. 


Optical Temperature Scale and Emissivity of Liquid Iron 
by M. N. Dastur and N. A. Gokcen 


DISCUSSION, M. Tenenbaum presiding 


R. C. BuehI—It would seem to me that for tempera- 
ture measurements of this nature, where an induction 
furnace was used which stirred the metal so the top 
surface was both rounded and wavy, you get a certain 
amount of refiection of light from the walls of the 
crucible. Therefore, the emissivity would be a little 
higher than if, for instance, you were sighting on a 
stream of metal coming out of the bottom of a ladle, 
for which case the light reflected from any hot surface 
is zero. When a resistance furnace is used and tem- 
peratures are measured by sighting nearly vertically 
downward with an optical pyrometer, the effect of 
light reflected from the crucible walls on the tempera- 
ture correction can readily be observed. If one sights 
on the center of the melt, which only refiects light 
from tke cold end of the furnace, then the temperature 
correction is found to be about 160°C at 1600°C, which 
gives emissivity for the iron of 0.40. This value is near 
that reported by most of the more reliable investiga- 
tions. If one now sights on the outer portion of the iron 
surface, which is convex and so reflects light from the 
heated crucible walls, the temperature correction will 
be reduced to values around 30°C, where the angle 
from the horizontal is small to values of a few degrees 
centigrade close to the crucible wall where the angle 
with respect to the horizontal is quite large. These 
small temperature differences give high apparent emis- 
-sivity values of about 0.83 to almost unity. Similarly, 
if the metal surface is agitated, as for example by bub- 
- bling gas into the melt, the temperature correction is 
again reduced to a low value around 10° to 20°C with 
apparent emissivity around 0.9. The light reflected from 
the furnace walls is, therefore, something which must 
be considered when determining emissivity factors by 
the method described. 

With the induction heating the crucible walls above 
the melt are cooler than the melt, so the effect of re- 
flected light from the walls would be much smaller 
than for the extreme case sighted above. However, 
even if the crucible walls were relatively cold, appre- 
ciable light from the melt would be reflected back to 
the melt by the crucible walls, provided they were 
rough and light colored. 


jas eRe mM Rea ena aes 

R. C. BUEHL, U.S. Bureau of Mines, Pittsburgh, Pa.; 
R. W. FENN, JR., Dow Chemical Co., Midland, Mich.; 
J. T. MACKENZIE, American Cast Iron Pipe Co., Bir- 
mingham, Ala. 


The authors appear to have made very careful tem- 
perature measurements and the temperature correc- 
tions obtained by them would certainly be of value in 
using an optical pyrometer to obtain the temperature 
of melts in similar furnaces; but their correction values 
cannot be used for all types of measurements of the 
temperature of liquid iron with an optical pyrometer, 
and the emissivity of pure iron calculated from their 
data might be somewhat above the true value because 
of radiation reflected from the metal surface. 

R. W. Fenn, Jr.—Recently we have had occasion to 
check optical temperatures against true temperatures 
for cast iron. However, precautions similar to those of 
the authors were not taken. Nevertheless, without these 
precautions deviations of only 50° to 100° were ob- 
tained. Possibly this can be accounted for by what Dr. 
Buehl has just said.-The true cast iron temperatures 
were obtained by using a platinum—platinum-rhodium 
thermocouple during the operation of the high fre- 
quency furnace. I would like to have the authors’ 
opinion on this particular discrepancy. 

J. T. MacKenzie—In cast iron, the emissivity of iron 
oxide occurs at 1375°C. The unfortunate thing is that 
that is about the temperature at which many castings 
are poured. Wensel and Roeser showed that very clearly 
in their work-for the American Foundrymen’s Asso- 
ciation in 1928. You are talking about two different 
things when you talk about liquid steel and liquid cast 
iron. 

M. N. Dastur and N. A. Gokcen—The disturbances 
affecting the brightness of liquid iron are numerous. 
Factors pointed out by Dr. Buehl were considered in 
the experimental procedure of this work. The use of 
various kinds and sizes of crucibles as well as different 
preheater temperatures were found to have no effect 
on the emissivity of the liquid iron under our experi- 
mental setup. However, the authors’ temperature cor- 
rection and emissivity values may be less accurate for 
a different type of measurement, as already pointed 
out in this work, because of the presence of atmos- 
pheric disturbing factors and the surface condition of 
the metal, as investigated by Hall.” ” 

As regards Mr. Fenn’s question on the deviations of 
his observation in the measurement of cast iron tem- 
peratures, we agree with Mr. MacKenzie that the cast 
iron problem is completely different from pure liquid 
iron or steel. This, as well as other factors,” *® may 
explain the discrepancies between the true and ob- 
served temperatures. : 
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The Solubility of Oxygen in Liquid Iron Containing Aluminum 


by D. C. Hilty and W. Crafts 


DISCUSSION, K. L. Fetters presiding 


J. Chipman—It has been my privilege to discuss this 
work with the authors on several occasions and to 
observe at first hand the experimental methods em- 
ployed. I wish, therefore, to emphasize certain points 
which they have mentioned only briefly with regard 
to the experimental techniques. 

The rotating induction furnace as here employed 
interposes liquid metal between slag and refractory 
thus preventing the two nonmetallic parts of the sys- 
tem from reaching equilibrium with one another. It is 
therefore impossible for the metallic phase to be com- 
. pletely in equilibrium with both the slag and the cruci- 
ble. The metal also acts as a partially permeable mem- 
brane allowing certain components, including oxygen, 
to diffuse from slag to crucible. This transfer results 
in building up on the face of the crucible a layer of 
material whose composition is in part dependent on 
that of the bath. Reactions between the layer and the 
solid refractory are slow, as evidenced by the rather 
good life of the crucible. Hence it seems probable that 
the layer is more nearly in equilibrium with the metal 
than with the underlying crucible material and that, 
once it is established under a bath of a given composi- 
tion, its further reactions with that bath are slow. 
Additions to slag or bath may be followed by changes 
in the layer; and time must be allowed for virtual com- 
pletion of such changes, before it can be assumed that 
slag and metal are in equilibrium. We may judge from 


Aluminum 
0.01 al I. 


Fig. 21—Aluminum deoxidation diagram showing 
calculated (lowest) line and experimental (upper) 
lines. 

If the deoxidation product is FeO - AlvOs the calculated line 
is shifted upward to an extent depending upon the (unknown) 


free energy of formation of the interoxide compound as indi- 
cated by the lines X. \ 


the results reported that, in general, this was the case 
and that the data represent at least quite close approxi- 
mations to slag-metal equilibrium. 

Data on deoxidation and on oxygen solubility are 
no better than the analytical methods employed. The 
vacuum fusion method as used by the authors seems 
entirely adequate for the samples analyzed. I have had 
frequent occasion to compare results with their labo- 
ratory, always with very satisfactory agreement. The 
determination of aluminum at very low concentrations 
is perhaps an even more difficult procedure. Here also 
the colorimetric method used has been worked out 
with great care and is undoubtedly the most depend- 
able method available. 

The discrepancy between observed and calculated 
deoxidation or solubility lines is not to be explained 
as the result of experimental errors, either in the 
sampling or analysis of the metal. Nor is it to be 
blamed upon inaccuracies in the several kinds of in- 
direct data upon which the calculated results were 
based. It is true that both the observed and the cal- 
culated lines admit of some uncertainty as to their 
exact locations, but the uncertainties are small com- 
pared to the wide gap which separates the two lines. 

The authors have pointed out the real cause of the 
discrepancy. In all of their experiments the solid phase 
was not Al,O, but a mixed oxide containing iron and 
aluminum. This suggests an extension of the calcu- 
lated values to include equilibrium with the spinel 
FeO - AIO, The free energies of FeO and AIO, are 
known, that of the spinel is not. However, it cannot 
differ greatly from that of its component oxides for 
even in the more stable spinel, chromite, the free 
energy of formation from the oxides is less than 10,000 
cal. For purposes of calculation we shall call this free 
energy X and solve for values of X lying between zero 
and 10,000 cal. 

The other data required are taken from the forth- 
coming revision of “Basic Open Hearth Steelmaking” 
and are given in the following equations in which 
underlined symbols indicate elements dissolved in 
liquid steel and the standard concentrations are 1 pct. 


AF® at 1600°C, cal 
Al,O, = 2 Al + shOe -- 107,200 
FeO == He---'@; + 5,460 
HeO - ALO, = Fe'+-.2 Al -+ 4.0; 112 660 = 


The corresponding equilibrium concentrations are 
shown in fig. 21. The line marked Al1,O, corresponds 
to the first equation, those marked FeO .- Ai,O, cor- 
respond to the last, with X = O, 5000 and 10,000 cal, 
respectively. The two upper lines represent the data 
of Hilty and Crafts and of Wentrup and Hieber. The 
points are the observations of Hilty and Crafts in the 
presence of 0.50 pct Mn. 


J. CHIPMAN, Massachusetts Institute of Technology, 
Cambridge, Mass.; J. F. ELLIOTT, U. S. Steel Corp. 
Research Lab., Kearny, N. J.; N. A. GOKCEN, Massa- 
chusetts Institute of Technology, Cambridge, Mass.; C. 
E. SIMS, Battelle Memorial Institute, Columbus, Ohio; 


s R. FITTERER, University of Pittsburgh, Pittsburgh, 
a. 
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The discrepancy between observed and calculated 
results is thus reduced to the same order of magni- 
tude as the experimental uncertainty, simply by re- 
ferring both to the same nonmetallic phase. The gap 
should be further reduced when we have learned the 
extent to which the activity of oxygen is affected by 
the presence of aluminum. 

At the same time a question is raised which is not 
easy to answer, namely, why does not Al,O, form as 
the nonmetallic phase? The calculations and the rela- 
tive positions of the lines in the figure show that under 
the experimental conditions Al,O, is a more stable 
phase than FeO - Al,O,. What mechanism could have 
prevented nucleation of the former even when alumina 
crucibles were used? How can we in practice obtain 
the theoretically more complete deoxidation corres- 
ponding to the formation of AI,O,? 


J. F. Elliott—The authors are to be commended on 


their attempt to evaluate the equilibrium of oxygen 
and aluminum in liquid iron. This is a difficult prob- 
lem as may be deduced from the few investigations 
_of it that have been reported in the literature. 

We, along with many others, have observed that the 
oxygen content of aluminum-killed steels is far above 
that computed from existing thermodynamic data on 
the formation of Al,O,. Some explanation of this is 
necessary. 

First I would like to make some observations and 
then ask some questions on the procedure that will 

- help to augment the necessarily restricted coverage of 
the experimental work in a paper of this type. 
- In a system of this sort there is a somewhat greater 
crucible-metal surface than slag-metal surface, and the 


probability of obtaining thermal equilibrium at the. 


slag-metal interface is less than at the crucible-metal 
interface. Consequently it would seem that the layer 
of-reaction product on the crucible is more significant 
than the slag in this study. 

That liquid iron containing 0.002 pct Al, the end 
point, can coexist with a phase or phases containing 
appreciable Fe,O, is an unexpected result. It is inter- 
esting to compute the aluminum content of iron in 
equilibrium with the spinel and alumina from existing 
thermal data: 


Be Fe,Ov1) > xX Fe, + i Ona) 
: AF? =56.830=4 11.9 T 


Ae e213 Ali) + y% Our9) > 1/3 Al1,Ogrs) 
AF® = —131,100 ++ 25,3 T 
5. 2/3 Al> 2/73 Al. AF*° — 5,100 + 6.7 T 


6. Fe,O;1 aL 2/3 Al=> 1/3 AlLOgs) 
ae APs 69,900 20.1 T 


~— 7. Fe,O- Al,Oys) > FezOw + Al,Ogs) 


AF® = +10,000~ 


8. Fe,O - Al,Oy.) + 2/3 Al> 11/3 Al,Oys) 


AF° = —59,200 + 20.1 T 


The thermal data are obtained as follows: Eq 3, 
Dastur and Chipman;* eq 4, chapter 14, Basic Open 
Hearth Steel Making, 1950 edition; eq 5, Chou and 
Elliott;= eq 7 assuming AF° for the spinel formation is 
the same as for chrome spinel by Chen and Chipman.” 
From eq 8 the iron in equilibrium with the spinel and 
alumina at 1600°C contains 0.0002 pct Al. A total error 
of +6000 cal in eq 5 and 7 is required to place the 
aluminum concentrations at about 0.002 pct. If it were 
not for the Fe,O, observed in the solid phase, this could 
be the “end point.” 

In an isothermal isobaric section of a three-component 
system the phase rule requires an invariant system at 
equilibrium with three phases present. It is disturbing 
that, to the contrary, X-ray study showed Al,O, and 


ya 


FeO - Al,O, to be present with iron containing a vari-— 
able amount of aluminum, that is, 0.10 pet and more. 

The slopes of the lines in figs. 8, 11, and 12 may 
indicate the types of material separating from the melt 
as the composition is shifted. Fig. 8 indicates a ratio of 
oxygen to aluminum of 3/2, that of alumina. The slope 
should be 4/2 for the spinel and a correction for the 
activity coefficient of oxygen in the presence of alumi- 
num would shift the high aluminum end in the proper 
direction. For the liquid containing 0.46 pct Mn (fig. 
11) the slope is approximately 4/2 and in fig. 12 the 
ratio is 8/2. Thus again the ratio of [O] to [Al] is 
surprisingly high. 

We would appreciate further comment on the fol- 
lowing points. : 

Would the authors describe the crucible reaction 
product and its formation in more detail? What was 
its composition and did it form even when the alumi- 
num concentration in the melt was high, as in runs 
A-8 and A-12? 

From the data sheets for the runs it appears as 
though the deoxidizer was added to the melt much 
less often than the oxidizer. We have speculated on 
why all the runs show a general and pronounced loss 
of aluminum. Is it connected with the difficulty of 
obtaining equilibration as described in the section on 
the crucible reaction? Can the apparent high oxygen 
pressure in the system be due to the slow evolution 
of water vapor from the cement and the water of 
hydration in the soapstone? 

In short can it be that the results are discordant be- 
cause of lack of equilibration? If so, it would seem that 
the results as they appear in the paper are of doubtful 
value as equilibrium is essential in a study of this type. 


N. A. Gokcen—In view of the experimental tech- 
nique used in this study it would be of interest to 
know what method the authors used to establish that 
there was no oxygen present in their furnace atmos- 
phere. We have found that in argon of commercial 
grade, oxygen is definitely present, and this can be 
detected by passing the gas through a deoxidizing or 
purification train. 

Examination of the analytical results of table I shows 
that at least some of the experimental heats do not 
represent the equilibrium condition. Towards the end 
of these runs, a decrease in the aluminum content is 
not always accompanied by an increase in the oxygen 
content and vice versa. As two specific examples, we 
may indicate the runs A-7 and A-9. In these runs the 
temperature was maintained reasonably constant. The 
percentage of aluminum and oxygen are within the 
range of optimum chemical analysis. The variation in 
deoxidation constants is greater than the probable 
analytical errors, as shown below: 


Run A-7 
(A1%)?(0%)* products are: 
(0.19)?(0.0030)* — 9.75x10-*° 
(0.16)?(0.0072)* — 95.5x107° 
(0.12)?(0.0055)* = 24x10-° 

‘ (0.087)?(0.0041)* — 5.22x10-° 

Run A-9 
(A1% )?(O%)* products are: 
(0.0088)?(0.027)* — 15.2x10-° 
(0.0023)2(0.050)* — 6.62x10-° 


In the case of plain aluminum heats most of the slags 
were solid. Liquid metal cannot be in equilibrium with 
respect to slags and alumina crucibles when the activity 
of Al,O, is not the same in both of these latter phases. 
Liquid slag can react with liquid iron at a rate very 
much faster than reaction of alumina crucibles with 
the metal and can overshadow the effect of crucibles 
upon equilibrium. (This is not so when slag is solid.) 
The minimum time for attainment of equilibrium be- 
tween solid slag (or crust) and liquid metal may well 
be considerably longer. The authors do not have experi- 
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mental proof that equilibrium was reached with solid 
crucible or solid slag, or that the activity of Al,O, was 
the same in the slag and crucible. This point unfor- 
tunately has not been studied in this investigation and 
leaves some doubt whether or not phases other than 
pure Al,O, can be in equilibrium with melts containing 
considerable percentages of aluminum. 

Eq 1 does not represent the deoxidation constant of 
aluminum. This product is at least a function of the 
activity of Al,O, in the slag phase. The exact equi- 

a’a1 X A’o 


librium constant is obviously K = 
A103 


C. E. Sims—The attention to details and the tech- 
nical skill shown in the conduct of these experiments 
is outstanding and vouches for the accuracy of the re- 
sults. I wish to offer some corroborative evidence from 
some experimental. work on deoxidation effects, but 
which was done on a grosser scale. 

In a paper entitled “Relative Deoxidizing Powers 
of Some Deoxidizers for Steel,” evidence was given 
that, when a certain degree of deoxidation is reached 
in steel, the sulphide inclusions change sharply from 
large globules to a fine intergranular eutectic. De- 
oxidizers were compared by determining the least con- 
tent that would effect this change. Deoxidation was 
carried out in 250-lb induction-furnace melts and only 
45 sec was allowed after the deoxidizer addition, for 
reaction and approach to equilibrium, until a sample 
was taken. Thus, the conditions were quite different 
than in the experiments just described by Dr. Hilty, 
but some of the results were similar. 

In fig. 6 of the above-mentioned paper,” the steels 
referred to were of the composition: C, 0.25 to 0.30 pct; 
Si, 0.30 to 0.40 pet; and Mn, 0.40 to 0.60 pct. As will be 
noted in the figure, the first change from the globular, 
Type I to the eutectic, Type II sulphides was obtained 
with a residual Al content of 0.002 pct. Some vestiges 
of Type I sulphides were found, however, in other 
samples which analyzed 0.005 pct residual Al. When 
a medium Mn steel was used, the transition was always 
sharp and final at a content of 0.002 pct Al. This agrees 
with the results just given, that with higher Mn, less 
Al is needed to deoxidize a steel. 

When a steel with normal carbon and manganese, 
but with only 0:04 pct Si, was used, the transition was 
at the same Al content of 0.002 pct. This indicates that 
the presence of silicon does not affect the amount of 
aluminum needed for deoxidation. 

With a steel containing normal silicon and manga- 
nese, but with a carbon content of 0.07 to 0.09 pct, 
Type I inclusions were retained consistently up to a 
residual Al content of about 0.01 pct, or nearly five 
times as much as for the higher carbon. This indicates 
that carbon may act much like manganese in aiding 
the deoxidation with aluminum. 

Total oxygen and aluminum determinations made 
on a medium-carbon steel with a manganese content 
of 0.58 pct gave virtual checks with the solid-line curve 
of the authors’ fig. 11 in the range of 0.002 to 0.01 pct 
Al. At higher aluminum contents, the results were 
above the curve of fig. 11. This close agreement appears 
to be good evidence that, in a well-circulated steel 
bath, a homogeneous reaction like dissolved aluminum 
reacting with dissolved oxygen goes to equilibrium 
very rapidly. An oxide product of the reaction is pre- 
cipitated, but the bath is also in equilibrium with the 
precipitate. There seems little reason to doubt that the 
authors attained equilibrium in their experiments. 


G. R. Fitterer—The authors are to be congratulated 
for the thoroughness of their work and the excellent 
manner in which they have written this paper. 

In their introductory remarks, they have cited a 
paper by Herty, Byrns, and myself,® but in later para- 
graphs they state that the only previous experimentally 
determined “deoxidation constant” for aluminum was 
reported by Wentrup and Hieber.® 


rT 


As a matter of record, it should be pointed out that 
an aluminum deoxidation constant was determined 
and reported by Herty, Byrns, and myself.* We ex- 
pressed this constant in terms of “% FeO in liquid Fe” 
rather than as dissolved oxygen (O). I have recalcu- 
lated all of the known constants which have been de- 
termined to date on the basis of FeO as shown in table 
V. The omission of this information from the present 
paper was probably an oversight on the part of the 
authors. Also, in all fairness, the data of Hessenbruch 
is recorded, herewith. 

The four experimental constants are essentially 
checks and the thermodynamic calculation of Herty, 
Fitterer and Byrns also checks these results quite 
closely. The thermodynamic calculation of Chipman” 
remains as the only value which does not agree. The 
difference between these values may be explained by 
Chipman’s assumption regarding the activity of FeO. 

The writer is of the opinion, however, that the basic 
free-energy calculations which Chipman made regard- 
ing this reaction are essentially correct. His original 
free-energy equations” were: 


AF = —382,100 + 77.2 T for 2Al,,, + 3/2 O, = ALO, 
AF = —139,140 + 19.8 T for 3Fe,,, + 3/2 O, = 3FeO,,, 


Subtracting: 


AF = —242,960 + 57.4 T for 2A1,,. + 3FeO,,, = 
Al,O,,,) + 3Fe,, 


Up to this point, the writer thoroughly agrees with 
Chipman’s values. Actually, these do not differ ma- 
terially from those used by Herty, Byrns and myself.® 

The equilibrium constant for this reaction should 
first be expressed as 


Kes (Aasis0g) (dre)* 


(asi1)” (Greo)* 


in terms of activities of the various constituents, then 
in accordance with standard thermodynamic procedure 


AF = —242,960 + 57.4 T = —4.575 T log K, 
and at) 16002 C 1G enouke) KS Oro ae On 


Unless it can be proved that the formation of the 
spinel (FeO - Al,O,) appreciably affects the activity 
of Al,O, as Hilty and Crafts suggest, then the activities 
of Al,O, and Fe may be assumed to be unity. Inci- 
dentally, the formation of such compounds was also 
noted in our paper.® 

Chipman found that the activity coefficient of alumi- 
num in liquid iron was 0.68, by means of an ingenious 
experiment in which the distribution ratio of aluminum 
between two immiscible liquids (i.e., iron and silver) 
was determined. Hence, day = 0.68 Na: wherein Nai 
is the mol fraction of aluminum in liquid iron. 

Now if one may assume for the moment that dreo = 
Neo in 1iquia irom, the equilibrium constant may be ex- 
pressed as 


1 1 
Ke = 
* (0.68 Nai)? (Nveo)® ( 0.68% Al ) ( % FeO ) 
af aren bees) 71.8 x 1.79/ 


wherein 27 and 71.8 are the atomic and molecular 
weights of aluminum and FeO, respectively, and 1.79 
represents the total mols (i.e., 100 pct Fe/55.84). 


Hence 


Ky = (% Al)? (% FeO)? = : 


Ky (2x 104) (4.7x 107) 


and since K, = 6.31 x 10° then K, = 1.67 x 10“. This 
constant is identical with our thermodynamic calcula- 
tion (No. 3, table V) and is much more in agreement 
with the experimental values and is to be compared 
with Chipman’s™ calculated constant (i.e., 2.2 x LOme) 
Chipman has modified this value slightly from time to 
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Table V. Deoxidation Constants for Aluminum 
Arranged in Chronological Order 


Kp = (% Al)? 


No. Authors (% FeO)? Source 
1 Hessenbruch 5.6 x 10-6 (Avg.) Experimental 
Revue de Met. 
(Mem.) (1929) 
26, 93 
2 Herty, Fitterer and Byrns® 5.7 x 10-7 Experimental 
3 Herty, Fitterer and Byrns® _0.17 x 10-7 Thermodynamic 
; calculation 
4 Chipmantt 2.2 x 10-18 Thermodynamic 
calculation 
5 Wentrup and Hieber 1.0 x10-8 Experimental 
6 Hilty and Crafts 2.7 x 10-7 Present paper 
7 Average of all 2.26 x 10-7 


experimental constants 


time,* but in general the difference between his and 
the experimental values is of about the same order of 
magnitude. 

The reason for the difference between Chipman’s” 
original calculation and those given herein is merely 
in the expression of the activity of FeO or in other 
words the expression of the free energy of solution 
of FeO in liquid iron. In the above calculation, it was 
suggested and assumed that diaeo) = kKNreo in accord- 
ance with Henry’s law. Further, it was assumed that 
k or the activity coefficient is very nearly equal to 
unity. Hence, the solution of FeO (or oxygen) in the 


extremely small quantities at equilibrium with alumi- 


num in liquid iron is nearly perfect or extremely 
dilute. 

The concept which Chipman apparently used is that 
the activity of FeO in liquid iron is affected by its 
saturation limit. Hence 


wherein N’reo is its mol fraction in the standard state 
or the saturated solution. This was essentially equiva- 
lent to 

(% FeO). 


(% FeO) sat. 


dreo = 


and since the percent FeO in the saturated or standard 
state was about equal to unity, then Chipman assumed 
that 

% FeO 


areo = 


This was a logical assumption on Chipman’s part at 
the time. However, in view of the agreement between 
the experimental constants, this concept of the activity 
of FeO should be reconsidered. 

In addition to the above, the writer is of the opinion 
that the mechanism of the aluminum deoxidation pro- 
cess is somewhat different from that encountered in 


~ other deoxidizers, ie., the velocity of oxidation of 


aluminum is greater than its rate of diffusion. Hence, 
when aluminum is added to steel, the resultant de- 
oxidation is not uniform as it is in the case of silicon, 


_for example. Instead, the steel in the immediate area 


of an aluminum particle is highly deoxidized in accord- 
ance with a reaction with essentially 100 pct alumi- 
num. The remaining deoxidation is dependent upon 
diffusion of aluminum throughout the steel (or of the 
oxygen to the concentrated area containing the alumi- 
num). However, either or both of these diffusion pro- 
cesses may be retarded by the presence of the Al,O, 
which reduces the metal fluidity. 

Localized deoxidation has been observed by any one 
who has added aluminum pellets to large ingots. This 
effect may cause the experimental constants given in 
the table to be “average” or “apparent” constants 
which, however, approximate the practical conditions 
and are thus industrially important. Classical thermo- 


‘dynamic treatment of reactions is most useful and 


generally accurate unless some factor such as a low 
diffusion rate prevents normal equilibrium to be estab- 
lished within reasonable periods of time. 


D. C. Hilty and W. Crafts (authors’ reply)—It is the 
authors’ conviction that much of the discrepancy be- 
tween thermodynamic prediction and actual observa- 
tion of steel deoxidation may be due to incomplete 
understanding of the basic assumptions regarding the 
reactions of the participating phases. As knowledge of 
the nonmetallic phases that can coexist with steel in- 
creases, this disagreement may be expected to diminish. 
We are gratified that Dr. Chipman shares this opinion. 
His discussion appears to help rationalize the theo- 
retical approach with our empirical treatment of oxy- 
gen solubility. ; 

In reply to requests to give more specific details re- 
garding composition of the crucible reaction product, 
the product formed even when the aluminum con- 
centration in the melt was high, as in runs A-8 and 
A-12, but, unfortunately, samples of it always con- 
tained so much metal that chemical analyses were 
meaningless. Actually, samples of the reaction product 
taken at operating temperatures appeared to reject 
metal on cooling. 

Mr. Elliott is correct in presuming that in many of 
the runs the oxidizer was added more frequently than 
the deoxidizer. This was done as a matter of conveni- 
ence to assist in obtaining clean samples, but it had no 
observed influence on the final results. We found that 
when large aluminum additions were made to an 
oxidized bath, the immediate local reaction occurring 
at the surface of the heat before equilibrium was at- 
tained produced a heavy crust of reaction product over 
the bath that made sampling difficult. Such a condition 
did not occur to as serious a degree when ferric oxide 
was added to a bath containing aluminum. 

With respect to the question of Messrs. Elliott and 
Gokcen in regard to substantial attainment of equi- 
librium, runs A-12 and A-14 in table I are illustrative. 
The last four samples of run A-12 and the last three 
samples of run A-14 cover periods of approximately 
3 hr and 1% hr, respectively, during which time no 
additions were made to the heats, and there were no 
significant changes in composition. It is felt that diver- 
gence from the anticipated reaction is of greater sig- 
nificance in the experimental results. 

Mr. Sims has presented interesting observations 
tending to corroborate our results. We can only specu- 
late regarding the significance of Type II sulphide in- 
clusions as related to oxygen solubility, but we are 
pleased to learn that Mr. Sims’ analytical results agree 
well with ours. 

The interpretation by Dr. Fitterer of the thermo- 
dynamics of aluminum deoxidation is interesting, but 
it is considered that, like the postulations of the other 
discussers, it will be necessary to supply more tangible 
evidence to support an acceptable rationalization of 
the reaction. Although the results of Herty, Fitterer 
and Byrns, and Hessenbruch were corroboratory, they 
were not cited because the conditions under which the 
data were obtained were not controlled with the labo- 
ratory degree of accuracy of temperature and composi- 
tion that is required to support empirical data that 
differ so widely from theoretical expectation. 
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Solubility of Oxygen in Liquid Iron Containing Silicon and Manganese 


by D. C. Hilty and W. Crafts 


DISCUSSION, K. L. Fetters presiding 


L. S. Darken—Laboratory investigation of deoxidiz- 
ing and other steelmaking reactions is usually cen- 
tered, at least first, on the determination of the equi- 
librium or equilibria involved. This seems a reasonable 
procedure since equilibrium, if attained, depends only 
on composition, temperature, and pressure; hence con- 
clusions derived from data on small experimental 
quantities are applicable to a heat of steel providing 
equilibrium is attained in both cases. A knowledge of 
equilibrium serves as a useful framework even though 
we may know that practical conditions do not cor- 
respond to complete equilibrium. On the other hand, 
nonequilibrium or rate phenomena depend on a wider 
variety of conditions and are more difficult to inter- 
pret; conclusions applicable to laboratory conditions 
may or may not apply to larger scale phenomena. 
Hence the attainment or nonattainment of true equi- 
librium in the experiments here reported is of critical 
importance in evaluating their significance. Since some 
of the statements in this paper and in the closely re- 
lated preceding one (on aluminum deoxidation) imply 
some doubt on this matter, I should first like to ask 
the authors whether their conditions are intended and 


believed to represent equilibrium. 


I should like to point out three considerations which 
seem to cast considerable doubt on the achievement of 
equilibrium, at least of the particular equilibrium 


under consideration. 


1. In the experiments on manganese deoxidation 
the authors point out that they could not maintain the 
manganese-oxide slag on top of the metal in their 
rotating crucible, and hence they substantially dis- 
pensed with this slag. This leads to serious trouble in 
the interpretation of the results, for any equilibrium 
is, of course, a particular specific equilibrium—in this 


case 
Mn + O = MnO 


The experimental deletion of the upper layer of manga- 
nese oxide means that if equilibrium is attained at all 
it is attained between the metal and the MnO which 
has soaked into or adhered to the crucible (under the 
metal) and has dissolved substantial amounts of the 
crucible material including impurities. These impuri- 
ties may constitute a significant portion of the slag by 
virtue of the small total amount of slag, even though 
the crucible is relatively pure. Hence there would 
seem to be a strong presumption that the equilibrium 
(Gf attained) involves not a pure MnO (or MnO — FeO) 
slag but one saturated with alumina and containing 
perhaps considerable impurities which substantially 
lower the concentration and activity of MnO, causing 
the above reaction to proceed to the right further than 
it would in the absence of alumina and impurities. 
Hence it is not surprising that manganese here appears 
as a better deoxidizer than found by other investigators. 
The present results may represent equilibrium with a 
slag of unknown composition which seems unlikely 


to be particularly related to plant experience. 


2. The curves representing the observed silicon de- 
oxidation (figs. 3, 4, and 5) are all drawn with a dis- 
continuity in slope at about 0.02 pct oxygen. This point 
is interpreted as corresponding to the three-phase 
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Kearny, N. J.; N. A. GOKCEN, Massachusetts Institute 
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equilibrium, metal, slag, solid silica. The type of con- 
struction shown in these figures (though apparently 
fitting the data) is contrary to a fundamental principle 
of heterogeneous equilibrium as pertains to the con- 
struction of phase diagrams. According to this prin- 
ciple, the two solubility curves (each of the two por- 
tions of the curves in figs. 3, 4, and 5) must intersect 
in such manner that their (metastable) extensions 
must lie outside the homogeneous field rather than in- 
side as in these figures. In other words, the “point” in 


‘ these curves should be aimed in the opposite direction, 


if it is to be interpreted as corresponding to the three- 
phase equilibrium. The construction adopted is in vio- 
lation of the second law of thermodynamics. This matter 
is discussed in detail in several texts and also by 
Lipson and Wilson.” The same criticism applies to the 
later figures representing conditions for manganese 
additions. 

The occurrence of this discontinuity or break at 0.02 
pet oxygen casts further doubt on its interpretation. 
The earlier investigation of this system by Korber and 
Oelsen is in substantial agreement with the several 
recent findings of Chipman and coworkers that the 
oxygen content of iron in equilibrium with silica and 
silica-saturated iron oxide slag is about one third to 
one half that (0.24 pct at 1600°) of iron saturated with 
pure iron oxide; thus there seems reliable evidence 
that iron saturated with silica and iron silicate slag at 
1600° contains about 0.1 pet oxygen, or certainly much 
more than the 0.02 pct proposed in this paper. 

3. In the quarternary system ‘iron-silicon-manga- 
nese-oxygen one of the equilibria involved may be 
written 


2 Mn + SiO, tora = 2 MnO Gag) + Si 


The activity of SiO, is constant (if equilibrium is at- 
tained) by virtue of its presence as a substantially 
pure solid. At not too low metallic manganese content, 
the activity of MnO in the slag is constant by virtue 
of the fact that the slag is substantially pure manga- 
nese silicate saturated with silica and hence of con- 
stant composition. Thus the equilibrium constant for 
the above reaction is dsi/d’m. Barring unanticipated 
large changes in the activity coefficients, the equi- 
librium constant may be adequately approximated for 
the composition range covered as [% Si]/[% Mn]?. 
Thus a plot of log [% Mn] against log [% Si] would 
be expected to be linear with a slope of one half as 
found by Korber and Oelsen. In the present investiga- 
tion the slope (shown in fig. 15) is found to be one. It 
is difficult to believe that this finding represents a 
correct equilibrium determination, since it is at odds 
both with prior experimental investigation and with 
theory. 

In view of the above points it seems that, although 
this paper reports many interesting findings, there is 
room for considerable skepticism as to the attainment 
of equilibrium and as to the conclusions drawn. 

N. A. Gokcen—The authors consider that Si% x O°% 


product is constant. This product is a function of the 


————.. Ifthe 


Asids 


activity of SiO,. The true constant is 


slags of this investigation were always saturated with 
SiO, then Si% x O*% product would be constant, 


a yapson. and Wilson: Journal Iron and Steel Institute. (1940) 
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since the activity of SiO, of such slags is the same as 
the activity of pure SiO,. There is no experimental 
evidence indicating that these slags were saturated 
with SiO,. The only method of insuring such satura- 
tion is to keep solid silica in contact with these slags. 

In referring to figs. 3, 4, and 5 of this paper it is 
difficult to justify a break in the logarithmic plots of 
oxygen vs. silicon through such scattered points. A 
straight line can be drawn quite satisfactorily without 
a break at any concentration of silicon. Furthermore, 
the interpretation of this breaking point as the invari- 
ant point is against the well-known phase rule: 

F = C—P+1, C = 3 (oxygen, silicon, iron), P = 3 
and F = +3—3+1 = 1. Therefore, when the tempera- 
ture is held constant, F is zero in agreement with the 
definition of the invariant point. Now if the silicon 
concentration 1s varied beyond 0.05 pct Si at 1600° as 
shown in fig. 4, one of the phases must disappear. This 
apparently was not observed by the authors. Perhaps 
the end point as referred to in this paper (p. 429) is 
closer to the invariant point. An entirely different 
technique shows that Korber and. Oelsen’s invariant 
‘point is fairly accurate, and there is no discontinuity 
in the silicon deoxidation curve at and below 0.05 pct 
silicon. : 

G. Derge—In view of the previous discussion, it 
should be pointed out that the data presented in these 
papers were obtained under careful laboratory control 
of many factors such as materials and temperature and 

- that they appear to be reproducible within narrow 
limits. They should therefore be accepted as experi- 
mental facts. The experiments represent the actual 
circumstances encountered in steelmaking much more 
closely than the hypothetical situations required by 
the assumptions involved in any thermodynamic cal- 
culation of similar data. It therefore behooves us to 
recognize that differences between the experiment and 
the calculation can be attributed to an incomplete 
accounting of the factors involved in the experiment. 
The experimental data cannot be regarded as faulty 
just because they represent a real rather than a hypo- 
thetical situation. These statements are not intended 
to depreciate either the experimental or theoretical 
approach of this problem, but only to emphasize that 
each has its value and that our knowledge is incom- 
plete until both can be used to attain the same end 
result. 

D. C. Hilty and W. Crafts (authors’ reply)—The 
authors are in complete agreement with Dr. Darken’s 
first point regarding the effect of alumina (from the 
crucible) on equilibrium in the Fe-Mn-O system. In 
fact, during preliminary work on this system a few 
observations of such an effect were made. It was for 
this reason that, as stated in the paper, the study of 
the limiting effect of manganese on the solubility of 


oxygen in iron was done entirely in magnesia crucibles. 
It is believed that at the temperatures involved, the 
solubility of MgO in the MnO-FeO slag is so low that 
it has only a small effect on the activity of MnO. In 
regard to his second point, it was recognized that the 
breaks in the logarithmic silicon curves apparently 
point in the wrong direction according to current con- 
cepts of thermodynamic activities. Nevertheless, since 
there was rather positive evidence of a phase change 
at those breaks, and since the full significance of the 
breaks is not understood, we constructed the curves 
according to the data. Lipson and Wilson showed that 
in an isothermal, isobaric section of a ternary system 
the prolongations of intersecting field boundaries must 
either both fall within the three-phase region or both 
fall without the three-phase region and include an 
angle (on the triangular plot) of less than 180° on the 
side next to the three-phase region. Within the limits 
of the experimental uncertainties, the curves fulfill 
these requirements. We were unable to find evidence 
that the metal phase was saturated with silica at silicon 
contents below these breaks, although a steady state 
of apparent equilibrium was attained, as described in 
the paper, which agreed well with similar observa- 
tions by Korber and Oelsen and by Chipman and co- 
workers. His third point, while based on classical 
thermodynamics, appears to presume a hypothetical 
situation. In no instance did we observe even a rela- 
tively pure manganese silicate slag such as would be 
necessary for the reaction he postulates. Moreover, 
Korber and Oelsen likewise assumed that the equi- 
librium constant-should be 


(% MnO)’ x (% Si) 
(% Mn)” 


and drew their curve accordingly, although their data 
could have been fitted equally well by curves of other 
slopes. 

We appreciate Mr. Gokcen’s criticisms, but feel that 
the points he has raised are adequately covered in the 
paper. 

Dr. Derge’s comments emphasize the empirical na- 
ture of our approach to this problem. While current 
thermodynamic concepts were recognized in the experi- 
mental work and in the interpretation of the results, 
no compromise was made with the data to conform to 
preconceived assumptions. It is recognized that the 
specific experimental method used to attack the prob- 
lem may have distorted the basic reactions, but the 
nature of such possible errors in the design of the 
experimental method has not been suggested. Within 
the limitations of the method, the data are believed to 
represent the empirical solubilities of oxygen in the 
presence of silicon, manganese, and aluminum with a 
useful degree of accuracy. 


Thermodynamic Properties of Sulphur in Molten lron-Sulphur Alloys 


by C. W. Sherman, H. |. Elvander, and J. Chipman 


DISCUSSION, D. J. Girardi presiding 


J. F. Elliott—This is an excellent piece of work and 
makes a chemical metallurgist more enthusiastic than 
ever about what can be done with multicomponent 
systems, if we have satisfactory data. 

I have a remark to make on the interpretation of 
fig. 5. First, I will comment on the problem of activi- 
ties in solutions. The iron-sulphur system has in its 
phase diagram an intermediate solid phase Fes. The 
occurrence of an intermediate phase is normally asso- 
ciated with negative departures from Raoult’s law 


over a portion of the activity curves in the liquid. 
(Perhaps it would be better to reserve the phrase “de- 
parture from ideality” to departures from Raoult’s law 
line rather than to departures from Henry’s law line). 

Fig. 5 indicates that the deviation of the sulphur 
activity curve from the Henry’s law line is negative; 
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Fig. 9—Dependence of activity coefficients on the 
choice of standard state. 


that is, that f, is less than one; the standard state be- 
ing the infinitely dilute solution. Fig. 9 shows that this 
may actually be a positive deviation from ideality (the 
Raoult’s law line) of the activity curve based on pure 
sulphur as the standard state. The activity coefficient, 
Ys, may then be greater than one. 

On this basis the activity curve for sulphur (based 
on pure sulphur as the standard state) may have a 
positive deviation from ideality at low concentrations 
and then crosses the ideal line and becomes negative 
at higher concentrations. Successively lower values of 
log f; in fig. 5 may mean that the radius of curvature 
of the activity curve becomes smaller as the tempera- 
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Fig. 10—Escaping tendency of sulphur in the sys- 
tem iron-sulphur, curve A. 
Curve B corresponds to an ideal solution. For clarity the 


ordinate scale is nonlinear, and the HeS/He ratios and the 
sulphur pressures are approximate values. 


ture rises even though the Henry’s law line approaches 
the Raoult’s law line. The activity curve should ap- 
proach the Raoult’s law line with increased tempera- 
ture, but it is somewhat complex in this case; and if 
we look only at a small portion of the curve as repre- 
sented by fig. 5, the general trend may be obscured. 
Consequently the decrease in log f, with increased 
temperature may not be contrary to theoretical expec- 
tations. 

J. E. Stukel—I would like to ask the authors just 
one question. They are very concerned about the effect 
of silicon and other elements in the molten iron on 
the activity of the sulphur. Do the authors have any 
information on the effect of the dissolved hydrogen on 
the activity of sulphur in molten iron? 

T. Rosenqvist—I would like to make a comment be- 
cause I have myself been working a little with the 
extended part of the system iron-sulphur. The escap- 
ing tendency of sulphur runs like curve A on fig. 10. 
(The fact that the reference state “pure sulphur” is 
undefined at temperatures above the critical tempera- 
ture of liquid sulphur, is without importance in this 
connection.) In the middle of the system, the sulphur 
pressure increases by several orders of magnitude as 
one goes through the stoichiometric composition FeS. 

For an ideal solution of sulphur in iron one should 
expect the sulphur pressure to run as indicated by the 
diagonal, B, (fig. 10). This curve has a considerably 
higher slope than the one experimentally found for a 
diluted solution of sulphur in liquid iron, f-°. 

If one assumes that the system iron-sulphur becomes 
increasingly ideal with increasing temperature, one 
should expect an increasing slope and a straightening 
out of the experimental curve. This would be in dis- 
agreement with fig: 5 of the paper. 

I would like to add that an increasing deviation from 
ideality with increasing temperature is not in violation 
with any fundamental thermodynamic law. It would 
correspond to the appearance of liquid immiscibility 
between iron and FeS at higher temperatures. Im- 
miscibility regions with a lower critical point are 
known, but they are rather rare and in the present 
case such a behavior must be regarded as rather im- 
probable. 

C. W. Sherman (authors’ reply)—The authors are 
indebted to all the discussers. There are several com- 
ments that I would like to make. We were worried 
about the interpretation of this deviation from ideality, 
and, as we say in the paper, it was tentative. We would 
still like to think about it some more. 

As to Dr. Stukel’s comment about hydrogen, one 
investigation always influences another. I happened to 
be doing this work at the same time Dr. Carney was 
investigating hydrogen solubility. As you remember, 
he found that it was very difficult to sample at partial 
pressures of hydrogen of, say, a quarter of an atmos- 
phere for the simple reason that as the metals solidify 
in the sample wall, the hydrogen coming out of solu- 
tion literally squirted the metal out of the sampler, so 
that all he had left was a thin tube like a tin can. The 
same thing happened to me. When the sulphur con- 
tent of the melts went below 0.3 pct, the hydrogen 
solubility increased and I could not get a good sample 
at less than 0.25 pct sulphur. We felt that this was 
sufficiently low. However, if it were desired to go to 
lower percentages, the argon content of the gas could 
be increased to a point where the hydrogen content 
was rather low and one could get into a sufficiently 
good sampling range. As you decrease the partial pres- 
sure of the hydrogen, you increase the dissociation of 
HS, so that you have to take a combination of favor- 
able factors. Since the results indicated that there is a 
straight-line relation at low percentages of sulphur, 
we did not go any lower. 

As to the actual concentration of hydrogen in our 
sulphur samples, we do not know that. As to the 
oxygen concentration, we do not know that. We have 
made every attempt to keep oxygen out. These equi- 
libria will probably be the subject of further research. 
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The Effect of Carbon on the Activity of Sulphur in Liquid Iron 


by J. P. Morris and R. C. Buehl 


DISCUSSION, D. J. Girardi presiding 


F, D. Richardson—The authors are to be congratu- 
lated on this further contribution to our knowledge of 
the thermodynamics of the interaction between sul- 
phur and carbon and silicon in liquid iron. 

As the authors state, the influence of carbon and 
silicon on the activity coefficient of sulphur in liquid 
iron is clearly of great importance in the blast furnace, 
since it must cause a three to fourfold improvement 
in the partition of sulphur between slag and metal. 
The influence of increasing temperature in further in- 


_ creasing the activity coefficient of the sulphur in the 
metal in the blast furnace by increasing the carbon 


content is also of interest. This effect, however, is prob- 
ably only part of the reason for the general observa- 
tion in blast furnace practice, that the sulphur content 
of the metal is lowered by increasing temperature. 
Other contributing factors are the lowering of the 
oxygen potential in the presence of carbon by increas- 
ing temperature and the probable increase in the 
activity coefficient of the lime in the slag for the same 
reason. The former of these effects, which works via 
the (CaO) + [S] = (CaS) + [O] equilibrium, might 
possibly account for a 70 pct improvement in the sul- 
phur partition? and the latter might give a further 50 
pet improvement. 

_-€. Sherman—I would like to compliment the authors 


' on their very careful research. If I may, I would like 


to show results of calculations on the carbon-sulphur- 
iron system similar to the ones that were shown in our 
paper for the silicon-sulphur-iron system. 


For Fe-S-C ternary system 


Puys 1 
Pas Se) CGS) 
where f, = sulphur activity coefficient 


f,’ = f, for Fe-S system of equal pct S 
id 


i. = — for Fe-S-C ternary system 


3 


This same analysis has been used on other systems, 
but the results shown in fig. 7 are for carbon and 
silicon. 

L. S. Darken—I would like to make two brief com- 
ments in addition to complimenting the authors on an 
apparently very precise and accurate investigation. 

The first is that the present work is in agreement 
with a calculation by Larsen and myself.” Our calcu- 
lation (much less precise than the present work) was 
based on: (1) Unpublished work on the sulphur con- 
tent of molten iron (1.5 pct at 1500°C) in equilibrium 
with graphite and an iron sulphide slag; (2) the distri- 
bution coefficient of sulphur between slag and carbon- 
free liquid iron. We expressed the result in a form 
equivalent to 

log ys = 0.18 [%C] 


which gives an activity coefficient (ys) of sulphur only 
slightly higher than the authors find and certainly 
within the precision of the earlier work. _ 
My second comment concerns the correlation of the 
thermodynamic findings with atomistics. A rough pic- 
2F. D. Richardson and J. H. E. Jeffes: Journal Iron and Steel 
Institute. (1949) 163, 412. 
10 B. M. Larsen and L. S. Darken: Trans. AIME (1942) 150, 87- 
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ture of the atomic arrangement in the liquid solution 
is rather easily conceived for this particular liquid 
solution containing iron, carbon, and sulphur. Carbon 
has a very much stronger affinity for iron than for 
sulphur. Hence we may conclude that a sulphur atom 
will but seldom be adjacent to a carbon atom—since 
this would be a position of high energy. From the 
metallic radii of iron and carbon we know that six 
iron atoms pack neatly around one carbon atom. Thus 
each carbon atom in retaining this shell of iron atoms 
(which latter may not be replaced by sulphur on 
account of the high energy requirement) decreases the 
available positions for each sulphur atom by six. Hence 
each atomic percent of carbon decreases the equi- 
librium sulphur content by 6 pct (of itself). Or, at low 
concentration each atomic percent of carbon increases 
the activity coefficient of sulphur by 6 pct. This is in 
good agreement with the observed increase (6 or 7 pet 
at low carbon content). It is indeed gratifying to find 
a case where, by such simple reasoning, quantitative 
agreement is found between precise data and the 
modern picture of the atomistics of the metallic state. 


F. D. RICHARDSON, British Iron and Steel Research 
Association, London, England; C. SHERMAN, Massa- 
chusetts Institute of Technology, Cambridge, Mass.; 
L. S. DARKEN, U. S. Steel Corp. Research Lab., 
Kearny, N. J. 


J. P. Morris (authors’ reply)—We would like to point 
out that there is an error in the equation on p. 322 of 
the paper. The third equation should read: 


eS, (gas) ae H, (gas) = HS (gas) 


The authors wish to thank everyone for the interest 
they have shown in the paper. In regard to the general 
observation in blast furnace practice, that the sulphur 
content of the metal is lowered by increasing the tem- 
perature, Dr. Richardson is correct in stating that the 
cause can be attributed only in part to the increase in 
activity coefficient of sulphur resulting from the rise 
in carbon plus silicon content of the metal with rise 
in temperature. However, this factor is probably an 
important one. The results of one experiment, per- 
formed since this report was written, indicate that at 
a constant temperature the addition of silicon to a melt 
saturated with carbon causes an increase in the activity 
coefficient of sulphur even though the carbon solubility 
is lowered. In this test, 2.5 pct silicon was added to a 
melt saturated with carbon and maintained at 1400°C. 
Although the carbon content dropped from 4.85 to 4.1 
pet, the activity coefficient of sulphur was increased 
by about 20 pct. 


0.8 
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600°C SILICON 
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PERCENT CARBON OR SILICON IN MELT 


Fig. ’—Effect of carbon and silicon on the activity 
coefficient of sulphur in iron. 
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Side-blow Converter Process for the Production of Low Nitrogen Steel Ingots 


by R. R. Webster and H. T. Clark 


DISCUSSION, M. W. Lightner presiding 


A. B. Wilder—I want to ask one question. On this 
matter of carbon content, the final carbon content on 
surface blowing ran higher than in conventional bottom 
blowing. It was not clear to me just what the factors 
were that controlled the final carbon content. The reason 
I ask this question is in making butt-welded pipe, we 
feel the carbon content should be at a low level to 
prevent laminations, which are related to carbon segre- 
gation. I think the level of carbon would be a factor 
in the manufacture of the butt-welded pipe, if the 
process described were to replace the conventional 
bottom-blown Bessemer vessel. 

R. R. Webster (authors’ reply)—The carbon value 
does not result either from a short after-blow or by 
turning down the converter before the reaction is 
finished. We have tried to reduce the carbon by ex- 
tended surface blowing in some cases, but the higher 
carbon seems to be characteristic of the process as far 
as we carried it. The carbon can be reduced, of course, 
at the end of the blow by tipping the tuyeres under- 
neath the surface of the bath and blowing for a few 


A. B. WILDER, National Tube Co., Pittsburgh, Pa.; 
M. W. LIGHTNER, Carnegie-Illinois Steel Corp., Pitts- 
burgh, Pa.; R. A. FLINN, American Brake Shoe Co., 
Mahwah, N. J. 


seconds, and that would be the procedure we would 
recommend at present for getting the carbon as low as 
possible. 

M. W. Lightner—Do you notice any difference in the 
nitrogen content between heats which are blown by 
subsurface blowing during the entire course of the 
heat or those which are surface blown during the early 
stages and then are subsurface blown during the latter 
stages of the heat? 

R. R. Webster—I showed a couple of. distribution 
curves giving subsurface vs. surface blowing, and in 
those cases there was a definite difference in the average 
nitrogen content. The use of subsurface operation at 
the very end of the blow, i.e., combination blowing, 
does show a slight pickup in nitrogen. Of the 185 blows 
made, only 19 were produced with various amounts of 
subsurface and surface operation, and we did nct ex- 
plore this point as fully as we might have done. 

R. A. Flinn—Why was the temperature higher with 
side blowing than with bottom blowing? 

R. R. Webster—We think it is because in the carbon 
blow of a normal bottom blow converter, the carbon 
is burned to carbon monoxide; the carbon monoxide 
is then burned to carbon dioxide outside of the vessel. 
In surface operation, much of the carbon monoxide is 
burned to carbon dioxide inside the vessel, and addi- 
tional heat is obtained thereby. 


Experimental Operation of a Basic-lined Surface-blown Hearth for Steel Production 


by C. E. Sims and F. L. Toy 


DISCUSSION, D. R. Loughrey presiding 


I. A. Sirel—I would like to ask Mr. Sims what would 
the preferred hot metal analysis be as far as manga- 
nese and silicon are concerned if you used specially 
made iron for this process instead of basic iron. 

C. E. Sims (authors’ reply)—A preferred composi- 
tion would contain somewhat less silicon than the basic 
pig iron used in these experiments. High silicon re- 
quires a large lime addition. Lime must be added in 
sufficient quantity to neutralize the silica formed and 
to leave an excess for dephosphorization. 

Manganese presents almost no problem in operation. 
It is almost completely oxidized and, in burning, de- 
velops considerable heat. The evidence indicates, how- 
ever, that, in continuous commercial operation, there 
will be an excess of heat produced, and the bath will 
need to be cooled in some manner as by the addition 
of scrap or by utilizing the energy for the direct re- 
duction of ore. 

There do not seem to be any serious limitations on 
composition of pig iron. One heat was made with an 
iron containing 2.27 pct silicon and the phosphorus 
finished at 0.007 pct. In another, the iron contained 0.45 
pet phosphorus which was lowered to 0.019 pct. This 
indicates considerable leeway in composition. 

D. R. Loughrey—We are all very much interested in 
the recent discovery of very large deposits of iron ore 
both in Labrador and in Venezuela. I would like to ask 


Mr. Sims if the iron ore at either or both of these 
places is such that it would lend itself to the manu- 
facture of iron suitable for use in the turbohearth. 

C. E. Sims—According to my information, those ores 
are not essentially different from ores now used in this 
country for making basic pig. They should, therefore, 
be adaptable to this process. 

D. I. Brown—You have spoken about the leeway, or 
spread in analysis of the various irons you can use in 
the vessel. I would like to have you tell us, if you can, 
about the different kinds of steels which can be made 
in such a vessel. The turbohearth process, or it might 
more aptly be called pneumatic openhearth, is a little 
different from that used in most Bessemer shops and 
in the one in which I worked. If we had a blow in the 
air over 10 min, the boss was in the pulpit in a hurry 


I. A. SIREL, Youngstown Sheet and Tube Co., East 
Chicago, Ind.; D. R. LOUGHREY, Jones and Laughlin 
Steel Corp., Pittsburgh, Pa.; D. I. BROWN, The Iron 
Age, New York, N. Y.; F. C. SENIOR, The Koppers Co., 
Chicago, Ill.; F. LATHE, National Research Council, 
Ottawa, Ont.; F. E. VAN VORIS, Bethlehem Steel Co; 
Bethlehem, Pa.; M. TENENBAUM, Inland Steel Co., 
East Chicago, Ind.; G. R. FITTERER, University of 
Pittsburgh, Pittsburgh, Pa.; R. A. FLINN, American 
Brake Shoe Co., Mahwah, N. J.; S. J. CRESSWELL 
Carnegie-Illinois Steel Corp., Chicago, TAGS Sie L 
MYER, Temple University, Philadelphia, Pa. 
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wanting to know what we were doing with the vessel 
in the air all that time. Mr. Clark showed, on a 22,000 
lb heat, a heat time of about 30 min, so if and when 
the turbohearth gets in commercial production, I sup- 
pose we can expect longer heat times. This implies 
that instead of all low-carbon bessemer steels, and 
they have been pretty dominantly that, they might be 
augmented with steels of higher carbon. If you want 
to get higher carbon you have to recarb, and there are 
limits, but with bigger heats and longer time, will the 
turbohearth be able to catch heats on the way down? 
I do not mean on the button, but if you wanted a 30 
carbon heat, and looking at the controls now possible, 
will such controls be good enough to permit turndown 
at 25 carbon, recarb to 30 and thus catch heats on the 
way down? 

C. E. Sims—The basic process is best adapted to the 
production of low-carbon steels for the reason that the 
natural end point, where the abrupt flame drop takes 
place, occurs at a carbon content of 0.04 to 0.05 pct. The 
flame drop is the first and only sign of any definite 
carbon content. 

After the silicon was oxidized, the normal rate of 
carbon drop was about 0.5 pct per min, and this rate 
was maintained right up to the flame drop. This is ap- 
proximately a point a second, and it shows the extreme 
difficulty of estimating and then stopping on a definite 
carbon content. Even though the blast were to be sud- 
denly stopped at, say, 0.5 pct carbon, the boil would 
not stop but would continue at a slowly decreasing 
rate. It should also be pointed out here that dephos- 
phorization continued up to the flame drop, and heats 
stopped sooner would have higher phosphorus con- 
tents. With present knowledge, it appears quite im- 
practicable to catch carbon on the way down. 

As to the time element, it was shown rather clearly 
in the experimental work that the total air per unit 
weight of iron was a constant and that the time re- 
quired for blowing is, therefore, an inverse function 
of the rate of air input. When the blast rate was in- 
creased or the air was enriched with oxygen, the time 
for blowing was decreased proportionally. The optimum 
time for blowing a commercial size turbohearth heat 
is still unknown, but there is reason to assume that 
it need not be over 15 to 20 min. 

F. C. Senior—I would like to ask Mr. Sims his opinion 
of the effect of normal Thomas phosphorus content 
(1.8 to 2.2 pet) on the side-blown basic process. All the 
tests cited were in the order of 0.25 to 0.45 maximum. 

C. E. Sims—In my opinion, there would be no unique 
problem in attempting to process pig iron of normal 
Thomas phosphorus content by the turbohearth 
method. Without much change in practice, it is prob- 
able that about the same proportion of phosphorus 
would be removed, resulting in a finished metal con- 
- taining 0.05 to 0.06 pct. It is my understanding that 
the Thomas process has difficulty in obtaining phos- 
phorus contents below about 0.05 pct. On the other 
hand, a two-slag process, such as was described in the 
- paper, might have a definite advantage in handling 
such high-phosphorus content and lowering it to a 
desirable end value. 

F. Lathe—There are two questions I would like to 
ask. One of the advantages of using this type of con- 
verter appears to be that you can develop more heat 
in it. If you burn only to carbon monoxide, you de- 
velop about 28 pct of the heat, and I judge from the 
analyses that Mr. Sims has given, that he has developed 
55 to 60 pct of the total potential heat of the carbon. 
Is there any reason why you could not introduce air 
above the level of the metal and burn all to carbon 
dioxide and thereby develop substantially 100 pct of 
the heat of the carbon? 


The second question has to do with the use of iron 
ore or scrap. Obviously, if we develop more heat, we 
can melt more scrap. Mr. Sims has referred, however, 
to the use of iron ore, and that is what I am particu- 
larly interested in at the moment. I wonder if he would 
be + a position to say anything further on that sub- 
ject? 

C. E. Sims—Presumably, air could be introduced 
higher up to complete the combustion. In his patent, 
on a vessel for surface blowing, Tropenas showed a 
second row of tuyeres above the first. I have no record 
of the results obtained with such a device, but it ap- 
parently was used very little if at all. Perhaps if the 
heat is generated too late, it just heats the stack. We 
believe the turbohearth develops more nearly 80 pct 
of the potential heat of the carbon. 

As mentioned earlier, it appears likely that there 
will be excess heat developed in commercial operation. 
This could be utilized in melting scrap or reducing 
iron oxide. The reduction of iron oxide with carbon is 
shghtly endothermic and could use some of the heat. 
The experiments were not extensive enough to show 
how much ore could be used or when would be the 
best time to add it. 

F. E. Van Voris—I should like to ask Mr. Sims if he 
has any analytical data on these mature finishing slags. 
Will you tell us a little bit about that aspect of your 
operations. 

C. E. Sims—In the basic surface-blowing operation, 
the slag is under the control of the operator to a con- 
siderable extent, and yet in many ways, it acts like a 
horse with the bit in its teeth and goes its own way. 
For example, if too little lime is added, the slag will 
attack the refractories to get CaO or MgO. If too much 
lime is added, an excessive amount of iron will be 
oxidized to flux the lime. 

If not upset by last minute additions, the finishing 
slags tended toward a common composition containing 
30 to 40 pct CaO plus MgO, 7 to 8 pct MnO (dependent 
on the Mn of the pig), 30 to 40 pct FeO plus Fe,O, and 
about 8 pct silica. ae 

Slags that were too thin gave trouble with excessive 
slopping, but there was also evidence that if they were 
too viscous they might give similar trouble. Judicious 
additions of lime to maintain a creamy fluid slag gave 
the best all-around results. 

M. Tenenbaum—Mr. Sims pointed out that sulphur 
elimination was most rapid in the first 4 min or so of 
the blow, and as a partial explanation he suggested 
that the sulphur activity in the presence of silicon and 
high carbon was greater than it would be in lower 
carbon ranges. I think it should also be recognized 
that in those first 4 min there is still considerable 
silicon and manganese, especially manganese, present 
in the metal and that in the presence of this manga- 
nese the curves show that while this manganese is 
being eliminated, the accelerated rate of sulphur elim- 
ination is encountered. I would venture a guess that 
if this process were carried out with manganese-free 
iron, an entirely different character in the sulphur 
elimination picture would result. 

I would like to know what disposition was made of 
the smaller ingots, the ones that were made in the 
laboratory. I also would like to, know whether you feel 
that the cause for the slopping, this very vigorous gas 
evolution that you encountered during the blow, was 
the same as the cause of slopping in the conventional 
bottom-blown acid process? 

C. E. Sims—No use at all was made of most of the 
ingots produced in the experimental work. We are con- 
vinced that the properties of a steel are more nearly 
a function of composition than of the manner in which 
it is made. 
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Slopping was discussed to some extent in the papers 
on the bottom-blown and side-blown acid processes. 
In summing up those discussions, it appears that, in 
common with the basic practice, the conditions that 
cause excessive slopping are those that produce a thin, 
watery slag. On the other hand, some crusty slags 
“seemed to give trouble. 

In some heats, there seems to be alternate periods 
of comparative quiescence followed by periods of ex- 
plosive violence during which slag is ejected. A steady 
boil gives best results even though very vigorous. Blast 
velocities exceeding about 500 linear ft per sec also 
appear to give trouble with slopping. 


F. L. Toy (authors’ reply)—I believe that Mr. Sims, 
in his presentation of the paper and his answers to 
questions, has covered the subject very well for the 
present. 

One question interested me particularly and that 
was the one regarding what effect would be had if 
normal Thomas molten iron of 1.8 to 2.2 pet phosphorus 
(as used in Great Britain and the Continent) were 
used in the surface-blown basic hearth. Mr. Sims gave 
a good answer but in addition you must consider that 
a molten iron of this composition would require very 
special measures for its production as of the immediate 
present in the United States. Our steel company official 
actually thought of using the basic bottom-blown 
Bessemer process in the Pittsburgh District in place 
of the acid Bessemer bottom-blown process in order 
to obtain lower phosphorus in the steel and a better 
application of Bessemer ingots on current orders. This, 
according to the best practice known for a~bottom- 
blown basic pneumatic process, required molten iron 
at approximately 2 pct phosphorus. Very competent 
men figured the processing requirements out on through 
from the required burden in the blast furnace to the 
finished steel and the costs involved. It meant among 
other requirements that phosphate rock be shipped 
from the South. The final opinion was that the basic 
Bessemer process as practiced abroad would not be 
economical in the United States, so that a blast furnace 
product averaging 2 pct phosphorus would hardly ap- 
pear here as an item for charge in steelmaking pro- 
~ cesses. It must be assumed, at present, that a question 
of using 2 pct phosphorus iron in a pneumatic process 
would not come up in the United States. 

The question about the sulphur removal with low- 
manganese molten iron is a good question. Another 
thought, beyond the effect of manganese in removing 
sulphur, is one brought forth by one of our very best 
physical chemists, Dr. Darken, of the U. S. Steel Corp. 
Research Laboratory. He says that sulphur is elim- 
inated more easily at the higher carbon (in the first 
part of the process) but further says that his experi- 
ments lead to the belief that a part of the sulphur is 
eliminated as SO, and goes out of the system as a gas, 
in the early stages when the slag is not relatively fluid. 


G. R. Fitterer—I think everything has been said, but 
there was one thought that came to my mind, and that 
was that it was found in Germany that it was neces- 
sary to change the design of the large basic converters 
in order to have a much larger diameter to depth of 
bath. The erosion due to the agitated slag was de- 
creased by this procedure. It seems to me that this 
would be one of the problems encountered in design- 
ing a large basic turbohearth. It is also possible that 
the eventual design of a large turbohearth would re- 
sult in a more rectangular hearth thus allowing better 
impingement of the flame on the bath as well as less 
erosion of the banks. 


C. E. Sims—Possibly it would. It may be that too 
deep a bath may give trouble in this process also. In 
our opinion, there is still very much to be learned re- 
garding optimum design. 

F, Lathe—On the question of sulphur removal, I 
wonder if Mr. Sims has attempted to make a sulphur 
balance for his converter? Did you analyze the slags 
for sulphur? 


C. E. Sims—No, the slags were not analyzed. for 
sulphur. 

R. A. Flinn—We were very much interested in the 
question of catching the carbon on the way down, and 
the possibility of having the phosphorus correct at the 
same time. Comparing the European practice and your 
practice, you certainly improved the slope of the de- 
phosphorization curve. Would it be possible to make 
it still steeper by an early ore addition or some other 
method to build up the oxide content of the slag early? 

C. E. Sims—I cannot give you a strong opinion on 
that. Theoretically, an early addition of iron oxide 
should speed up dephosphorization unless that iron 
oxide reacts with the carbon and is reduced. In the 
heats where we did add iron oxide, the dephosphoriza- 
tion curve was not changed very much. 

S. J. Cresswell—I am interested in the remarks con- 
cerning “catching the carbon on the way down.” It is 
my experience that this cannot be accomplished suc- 
cessfully unless the blow is stopped and a steel sample 
taken for analysis. The Swedish Bessemer operators 
(acid) do attempt to catch carbon on the way down 
by stopping the blow and analyzing for carbon by 
means of a carbometer. In this country, in the produc- 
tion of Bessemer ingots, all heats are blown to the end 
point. 

Attempts are made to stop the blow at various carbon 

contents in blowing metal for openhearth liquid metal 
charges. 
_ J. L. Myer—In view of the long period which ap- 
pears to be necessary to blow this converter, I was 
wondering if it had occurred to you that an experi- 
ment might be worth-while where the converter is 
tapped at the end, getting rid of all the slag and re- 
taining about 50 pct of the metal, and then starting 
over, adding a half charge; in other words, a carry- 
over, which might do a great deal to control your 
processing, level out the consistency of your heats and 
possibly gain you some other advantages? 

C. E. Sims—What do you consider is a long time? 

J. L. Myer—I believe you spoke of 30 min. 

C. E. Sims—Twelve minutes was the usual time on 
the experimental blows. Some were down to 9 min. 
The commercial tests were mostly on 30 tons. The 
shortest blowing time on them was 32 min, but there 
was definite evidence of too low a blast rate because 
the total amount of air per ton was the same as for 
the smaller experimental heats. 

J. L. Myer—You do not visualize any advantage from 
that? 

C. E. Sims—I do not think there would be any advan- 
tage in partial blowing and repigging as in the Talbot 
process for the reason that the rate of carbon drop is 
unabated up to the flame drop. In addition, as men- 
tioned earlier, one would not know where to stop. On 
the other hand, the carbon at the flame drop is very 
consistent. 

D. I. Brown—There is one more thing I am wonder- 
ing about. The answer is going to come eventually 
from this group and it is quite important. With the 
treatment that the newspapers and radio gave the 
turbohearth and the reaction to the original story car- 
ried about six months ago in The Iron Age, we are 
going to receive a lot of questions; in fact, by Monday 
your customers might be on the phone saying, “We 
want some of that stuff.” It may not be a fair question, 
but judging from Mr. King’s remarks this process is 
about three years away. I wonder if anyone else here 
would like to make some approximation as to when 
he believes we will see a commercial working unit of 
the turbohearth type; I guess we cannot call it a pneu- 
matic openhearth any more because Mr. Cresswell says 
we cannot catch the carbon on the way down, but 
neither does the openhearth. 

C. E. Sims and F, L. Toy—The authors appreciate 
the opportunity to make this presentation, and wish 
to thank those who have contributed in the form of 
discussion. 
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The Iron-Nitrogen System 
by V. G. Paranjpe, M. Cohen, M. B. Bever, and C. F. Floe 
DISCUSSION, R. W. E. Leiter presiding 


L. D. Jaffe—The authors mention that the phase dia- 
gram in fig. 7 is a projection of the solid-phase 
equilibria in the temperature-pressure-concentration 
equilibrium diagram. This appears questionable, since 
all solid-phase equilibria were attained at atmospheric 
pressure, and not at pressures of equilibrium with 
nitrogen gas. Does not the iron-nitrogen diagram of 
fig. 7 represent the metastable equilibrium among the 
solid phases at atmospheric pressure, just as does the 
usual iron-carbon diagram (which shows cementite 
rather than graphite)? 


V. G. Paranjpe, M. Cohen, M. B. Bever and C. F. 
Floe (authors’ reply)—The iron-nitrogen phase dia- 
gram of fig. 7 represents metastable equilibrium at 1 
atm. A true equilibrium diagram at 1 atm pressure 
shows only the solubility lines of nitrogen (gas) in a 
and y iron. Increasing pressures of nitrogen brings 
about a change in the nature and composition of phases 
in mutual equilibrium as shown by recent experi- 
ments” where the 7’ phase was produced at 450°C by 
nitrogenizing with nitrogen under 2700 atm pressure. 
It is thus possible, at least in principle, to construct 
an equilibrium diagram with temperature, pressure 
and composition plotted along the three axes. If the 
effect of simple hydrostatic pressure on the solid 
phases is negligible, one can project the lines of solid- 
solid phase solubilities on to a temperature-concentra- 
tion plane. Fig. 7 would be such a projection. 

The phase diagram of fig. 7 is similar to the iron- 
cementite diagram since both represent metastable 
conditions, the nitrides tending to evolve nitrogen gas 
and the cementite tending to form graphite. 


18 A. Sieverts: Ztsch. Phys. Chem. (1931) 155A, 299. 
19 Krichevskii and Khazanova: Journal Phys. Chem. (USSR) 
(1945) 19, 676. 


L. D. JAFFE, Watertown Arsenal, Watertown, Mass. 


The System Chromium-Carbon 
by D. S. Bloom and N. J. Grant 
DISCUSSION, G. M. Cover presiding 


F. R. Morral—The cubic chromic carbide (Cr,C) was 
probably first recognized by Moissan.* From such a 
formula and other considerations, one would expect a 
total of 120 atoms in the unit cell; however, only 116 
atoms of metal and carbon atoms could be made to fit 
into the lattice of the compound as measured on X-ray 
diffraction patterns." Although the formula Cr,C may 
be simpler, the Cr.,C, appears to be more representa- 
tive for this compound, and is generally being used.” 

N. J. Grant and D. S. Bloom (authors’ reply) —We 
are well aware that Cr,,C, is correct and so noted in 
the text. However we were possibly guilty of laziness 
in continuing to use the easier but incorrect designa- 
tion Cr,C. 

1A. Westgren: Jernkontorets Ann. (1933) 501-502. 


2 
12H. J. Goldschmidt: Iron and Steel Institute (1948) 160, 345; 
(1949) 163, 385; Metallurgia. (1949) 40, 103. 


F. R. MORRAL, Syracuse University, Syracuse, N. Y. 


Carbides in Isothermally Transformed 
Chromium Steels 


by W. Crafts and J. L. Lamont 
DISCUSSION, G. M. Cover presiding 


¥. R. Morral—I note an unidentified constituent in 
table V of this interesting paper. Goldschmidt* has 
indicated the presence of a new carbide in chromium 
steels. This has 8.7 to 9.4 pct C and a lattice reminis- 
cent of austenite with a parameter of a = 3.611 kx. I 
wonder if the authors have considered this possibility 
for their constituent. Some years ago in the iron-rich 
Fe-Al-C system a constituent was identified whose 
pattern was similar to that of austenite. The edge of 
the unit cell was found to be 3.75A. The carbon con- 
tent was about 4 pct.® 

W. Crafts and J. L. Lamont (authors’ reply)—The 
possibility suggested by Professor Morral that the un- 
identified constituent is the austenite-like carbide 
described by Goldschmidt was considered, but the 
pattern suggests a lower order of symmetry than the 
cubic austenite-like structure. 


4Goldschmidt: Nature. (1948) 162, 855. 
5F. R. Morral: Iron and Steel Institute. (1934) 130, 419. 


F. R. MORRAL, Syracuse University, Syracuse, N. Y. 


Carbides in Long-tempered Vanadium Steels 


by W. Crafts and J. L. Lamont 


DISCUSSION, G. M. Cover presiding 


P. Coheur and L. Habraken—We read this paper with 
great interest and are glad to congratulate the authors 
for their valuable work, supplying an important con- 
tribution to the mechanism of tempering on the car- 
bides in vanadium steels. We are in a good position to 
appreciate this work since we have been studying, for 
more than a year, Cr-Mo steels of a composition similar, 
but less highly alloyed (namely 0.1 pct C, 3 pct Cr, 1 
pet Mo). 

Our results are quite in concordance with the authors’, 
however, we wish to point out that it is very interest- 
ing to use equally the electron microscope in order to 
observe the variations of microstructure in steels. We 


have studied simultaneously the evolution of the car- 
bides in situ with the electron microscope, and, after 
extraction, again with the electron microscope, and 
then with X-rays. 

The first results which we have obtained have been 
communicated at the Congress of Delft (July 1949) and 
at the “Journées de la Métallurgie” in Paris (October 
1949). These may be summarized as follows: 

After tempering with varying either the tempering 
temperatures or the tempering times, the carbides 
show two evolutions. The first one is connected to the 
carbides existing in the steels, principally in the boun- | 
daries of the grains. For some groups of steels these 
carbides may coalesce and for other groups they may 
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Fig. 12 (left)—Cr-Mo steel as quenched from 775°C showing grain boundary carbides. X12,000. 


Fig. 13 (right)—Same as fig. 12 after 60 hr tempering. X12,000. 


Fig. 14 (left)—Same as fig. 12 showing carbides in bainite needles. X25,000. 


Fig. 15 (right)—Same as fig. 14 after 60 hr tempering. X25,000. 


decrease in volume, and in this latter case, we can see 
with X-rays a new phase. Figs. 12 and 13 illustrate 
~ this variation. Fig. 12 refers to the original steel and 
fig. 13 after a 60 hr tempering. 

The second evolution- takes place in the bainite 
needles. In the course of tempering, we have observed 
__precipitates which appear, then coalesce. Figs. 14 and 
15 illustrate this variation: fig. 14 refers to the original 
state prior to tempering and fig. 15 after 60 hr temper- 
ing. ' 
In the case of the steel referred to in the foregoing 


figures, we should like to state that the steel has been > 


heated to 775°C for 6 hr, then tempered at 550°C. We 
observed that, after some time, the proportion of the 
carbide type M,C—probably (Fe, Cr),Mo,C—to car- 
bide (Fe, Cr, Mo),,C, changes, the latter increasing 
during the tempering process. 

The presence of these two principal carbides is in 
fair agreement with the conclusions of the authors; 
however it is interesting to notice that tempering at 
a lower temperature modifies the ratio in the pre- 


cipitated carbides. 


The observation with the electron microscope of the 
carbides in situ and after extraction, induces us to 
think that the type M,C appears preferentially in the 
bainite needles, while the carbides Cr,,C, occurs more 
frequently in the grain boundaries. Therefore, we 
think many benefits may be derived from conjugating 
several investigation methods in the study of this very 
complicated phenomenon. 

W. Crafts and J. L. Lamont (authors’ reply)—The 
suggestion of Messrs. Coheur and Habraken that car- 
bides be investigated in situ by electron micrographs 
of replicas as well as after extraction has much value 
and should assist in the understanding of the temper- 
ing process. In a limited examination of this type we 
have not observed the specific grain boundary be- 
havior described in their discussion but feel that the 
subject has not been exhausted. 


P. COHEUR and L. HABRAKEN, Centre National de 
Recherches Métallurgiques, Liége, France. 
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A Study of the lron-Chromium-Nickel Ternary System 


by J. W. Pugh and J. D. Nisbet 


DISCUSSION, F. H. Wilson presiding 


F. B. Foley—The use of data published by Wever 
and Jellinghaus in 1931 to fix boundaries of the sigma 
phase in the Fe-Cr system, in the face of the author’s 
own references to the suggestions of Bradley and 
Goldschmidt, Aborn and Bain, and Hougardy that the 
phase is much more extensive, and the very much 
more accurate work, which weighs heavily in favor of 
these suggestions, of Cook and Jones, published in 
1943 and evidently disregarded by the authors, makes 
their derived ternary diagram, especially fig. 15 for 
400°C, quite inaccurate on the Fe-Cr side and affects 
the extent of phase boundaries in the most contro- 
versial and important part of this ternary system. 
In commercial Fe-Ni-Cr alloys the occurrence of sigma 
has been observed time and time again at lower 
chromium contents than that of the 24 pct Cr, 16 pct 
Ni, 60 pct Fe alloy which is the lowest permitted 
by fig. 15 of practically carbonless metal. Newell 
reports sigma in 27 pet Cr-Fe even with some carbon 
present to be one of the greatest detriments to its 
extensive application, whereas-Pugh and Nisbet set a 
low limit of 36 pct Cr for sigma in the binary Fe-Cr 
system. 

J. J. Heger—The diagrams presented by the authors 
do not agree with observations made on commercial 
Fe-Cr and Fe-Cr-Ni alloys, nor do they agree with 
two recent investigations made on the Fe-Cr and the 
Fe-Cr-Fe systems. 

I refer first to the investigation made by Cook and 
Jones* on the sigma region of the Fe-Cr system. On 


146A. J. Cook and F. W. Jones: Journal Iron and Steel Institute. 
(1943) No. II, p. 217. 


the basis of their results which were published in 
1943, Cook and Jones established new boundary limits 
for the sigma and the alpha plus sigma regions. These 
new limits have been accepted and are incorporated 
in the Fe-Cr diagram that appears in the 1948 edition 
of the Metals Handbook. This diagram is shown here 
as fig. 34. 

As will be noted, the boundary limits of the alpha 
plus sigma region in this diagram extend to much 
lower chromium contents than do those in the diagram 
presented by the authors in fig. 2. These new limits 
indicate that sigma phase should form in an Fe-Cr 
alloy containing 26 pct Cr, and experience with com- 
mercial alloys confirms this finding. Indeed, recent 
studies on a commercial Fe-Cr alloy containing 17 pct 
Cr have shown sigma phase to be stable in this alloy 
at 550°C. 
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Fig. 34—Fe-Cr diagram. 


I recognize that the authors’ work did not include 
studies on the sigma region; however, I believe this 
is a serious omission because sigma phase may pro- 
foundly affect the physical properties of these alloys 
and should be evaluated in any investigation which 
attempts to relate physical properties to the equilib- 
rium diagram, 

The second investigation to which I refer is that 
made on the Fe-Cr-Ni system by Rees, Burns, and 
Cook,” who used pure alloys and employed heating 


17 W. P. Rees, B. D. Burns, and A. J. Cook: Journal Iron and 
Steel Institute. (July 1949) 162, Part 3, p. 325. 


times that extend to 200 days. These investigators 
published their results in July 1949 and from these 
results constructed isothermal sections at 800° and 
650°C. The isothermal section at 650°C is shown here 
as fig. 35. This diagram indicates sigma phase should 
form in a pure 18 pct Cr-8 pct Ni alloy. Although 
sigma phase has not been observed after 10,000 hr 
at 1200°F in commercial 18-8 alloys containing carbon 
and nitrogen, it has been observed under the same 
conditions in 18-8 alloys modified with titanium and 
columbium, both of which serve to reduce the effect 
of carbon and nitrogen. 

This section and the one at 800°C suggest that the 
constant iron sections which are presented by the 
authors, should be considerably altered, if they are to 
represent an accurate picture of the system. A few 
of the suggested alterations are as follows: 

In fig. 9, the section at 50 pct Fe, the gamma plus 
sigma region should be widened, not narrowed at 
800° and 650°C. 

In fig. 10, the section at 60 pct Fe, the gamma plus 
sigma region should be widened at 800° and 650°C. 

In fig. 11, the section at 70 pct Fe, an alpha plus 
sigma, an alpha plus gamma plus sigma, and a gamma’ 
plus sigma region should be added. 

In fig. 12, the section at 80 pct Fe, the alpha plus 
gamma region should be widened at 800°C. 

In fig. 13, the section at 90 pct Fe, the alpha plus 
gamma region should be widened at 650° and 800°C. 

Undoubtedly, the chief reason for the discrepancies 
between the authors’ data and those of Rees, Burns, 
and Cook is that the authors did not employ long 
enough heating times to allow for transformation. In 
this connection, I wish to warn that transformations 
in these alloys, particularly transformations at tem- 
peratures below 800°C, are extremely sluggish and 
may require a year or more to approach completion. 
Therefore, unless extremely long heating times are 
employed or steps are taken to accelerate these trans- 
formations by such means as mechanical working, the 
results will not yield an accurate picture of the alloy 
system. Certainly, an accurate picture-is needed for 
the development of better high-temperature materials. 

E. J. Dulis—The purpose of this work is not clear. 
If an improvement of the ternary equilibrium diagram 
of the Fe-Cr-Ni system was wanted, it seems logical 
that testing techniques superior to those previously 
used would be a prime requirement. To approach 
equilibrium in this system, long holding times are 
needed; a fact established long ago but apparently 
ignored by the present authors, who used the con- 
tinuous heating and cooling tests in equilibrium 
studies. A publication on the same system by Bradley 
and Goldschmidt’ was criticized by Monypenny in a 


_ F. B. FOLEY, International Nickel Co., Bayonne, 
N. J.; J. J. HEGER, Carnegie-Illinois Steel Corp., Pitts- 
burgh, Pa.; E. J. DULIS, U. S. Steel Corp., Kearny, 
N. J.; S. J. ROSENBERG, National Bureau of Stan- 
dards, Washington, D. C. 


1356—JOURNAL OF METALS, NOVEMBER 1950, TRANSACTIONS AIME, VOL. 188 


discussion of the work as not “being in anyway an 
advance on existing knowledge,” because the times 
to establish equilibrium were not long enough. It is 
unfortunate that the present authors did not benefit by 
mistakes made in the past. 

Other points meriting specific comment are: 

The use of dilatometer and electrical measurements 
on relatively rapid heating and cooling, and hardness 
tests after cooling from various temperatures (the 
holding times of which are not given), are not sensi- 
tive tools for equilibrium studies of this system. 

Micrographs of specimens quenched from 2100°F 
would give information about an isothermal section 
at that temperature only. Throughout the paper, 
implications are made that the micrographs indicate 
phase boundaries at lower temperatures. 

The comprehensive study on the Fe-Cr system 
which the authors believe is needed has, as pointed 


out by Messrs. Foley and Heger, been made by Cook 


and Jones.” 

The correction of the work of Schafmeister and 
Ergang on the constant iron plane of 50 pct Fe (fig. 9) 
is very questionable. The gamma plus sigma and 
gamma boundary found by the earlier investigators 
by X-ray diffraction, magnetic, microscopic, and hard- 
ness tests, was based on holding times up to 1000 hr at 
650° and 800°C. As the points of the present authors 
are based on hardness tests only, for alloys of un- 
known time at temperature, it seems more logical to 
- accept the earlier work as being correct. The supposed 
micrographic substantiation, figs. 28 and 30, fails to 
show anything about the lower temperature ranges, as 
pointed out above. 

Differences between the work of Schafmeister and 
Ergang and that of the present authors for the 
70 pet Fe plane are quite marked. The absence of 
regions. containing sigma in the present work is 
probably due to insufficient holding times. 

With reference to fig. 15, no isothermal work was 
performed in any of the four references cited on this 
system involving the sigma phase at 400°C. Where did 
the present authors get the isothermal diagram at 
the 400°C level? 

In the summary the authors mention an enlarge- 
ment of the gamma phase at 60 pct Fe, but in the 
text (p. 273) it is stated that the agreement of the 
present and earlier work for this alloy is good, as 
shown in fig. 10. Do the authors mean 50 rather than 
60 pct Fe? 

S. J. Rosenberg—One of the current projects at the 
National Bureau of Standards involves a study of 
the solubility of carbon in 18 pct Cr-10 pct Ni auste- 
nite. In connection with this study, several high- 
purity alloys of iron, chromium, and nickel, containing 
various amounts of carbon were prepared by melting 
and solidifying under vacuum. It is interesting to 
compare some of our data with information furnished 
by the authors. : 

Of particular interest to us is the Fe-Cr-Ni isother- 
“mal section at 1100°C, presented as fig. 16 of the paper. 
According to this diagram, our base alloys should have 
been completely austenitic on quenching from this 
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Fig. 35—650°C Isothermal section of Fe-Ni-Cr 
ee diagram. 


Fig. 36—Microstructure of alloys showing ferrite as 
quenched from 1080°C. 


temperature level, an expectation which was not 
realized. 

Our alloys were quench annealed from 1080°C, 
which is fairly close to 1100°C, and all of our low- 
carbon alloys contained delta ferrite after this treat- 
ment. Four alloys were prepared without any carbon 
additions; their analyses are given in table I. ‘ 


Table I. Analyses of Alloys 


No. C Mn P Ss Si Cr Ni Oz No He 


2 0.016 0.04 0.002 0.021 0.060 17.46 10.01 0.023; 0.0085; 0.00012 
3 0.007 0.01 0.001 0.009 0.010 17.51 10.25 0.0257 0.001s 0.00033 
4 0.013 0.01 0.001 0.008 0.003 18.26 9.90 0.0026 0.0016 0.0004: 
9 0.012 0.01 0.001 0.008 0,004 16.80 10.30 0.0033 0.0013 0.0005; 


It will be noted that all of these alloys contained 
less than 0.02 pct C, the amount listed by the authors 
as an impurity in their alloys. Since carbon promotes 
the formation of austenite, it follows that if ferrite 
is present in Fe-Cr-Ni alloys containing small amounts 
of carbon as an impurity, carbon-free alloys should 
contain even more ferrite. The microstructures of 
these four alloys after quenching from 1080°C is 
shown in fig. 36. 

It may be argued that only austenite was present 
at the quenching temperature and that the ferrite 
observed formed during the quenching. The sluggish 
nature of the transformations in these alloys is so well 
known, however, that this seems to be an unlikely 
explanation. It is more reasonable to believe that the 
structures observed are representative of the alloys at 
the temperature noted. 

Although the isothermal section at 1100°C (fig. 16) 
was apparently constructed from the work of the 
several references cited by the authors, the impression 
is gathered that they check this diagram. Our evidence 
supports the belief that this diagram is in error and 
that the gamma field is considerably more restricted 
at the iron corner than appears from the diagram. 

J. W. Pugh and J. D. Nisbet (authors’ reply)—We 
wish to thank the discussers for their comments on this 

aper. 
: The objection which several of these gentlemen 
make to the use of phase diagrams which show the 
sigma region considerably more restricted than recent 
investigators have found it may be answered in several 
ways. Although the importance of sigma in this 
system is recognized, none of the experimental work 
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was calculated to reveal sigma, if it was too sluggish 
to develop in the experimental time employed, nor did 
the formation of sigma ever take place to affect the 
results. At the time the paper was prepared the recent 
work of Rees, Burns, and Cook” on the ternary sigma 
had not been published. Several investigators, as 
pointed out, had shown the Fe-Cr binary sigma to be 
more extensive than the diagram of Wever and 
Jellinghaus, but the binary diagram which fits the 
ternary was used in the interest of consistency. 

To answer Mr. Dulis specifically, it must be re- 
peated that the authors were abundantly aware that 
the formation of sigma would not take place as a 
result of the treatments given those alloys which 
might contain this phase. His assertion is untrue that 
micrographs taken of alloys quenched from one tem- 
perature were implied to indicate phase boundaries at 
another temperature. The micrographs of figs. 28 
and 30 give evidence about the phase situation at 
1100° and were obviously not implied to show any- 
thing about lower temperature ranges. Fig. 15 which 
shows an isothermal section of the diagram at 400°C 
was taken from published pseudobinary systems. It 
is the 50 pct Fe section, as pointed out by Mr. Dulis, 
which disagrees with the data of this investigation. 

Mr. Rosenberg’s observation of ferrite in an 18 pct 
Cr-10 pct Ni alloy is interesting. Fig. 23 (20Cr-10Ni), 


a micrograph of an alloy which is yet closer to the 
phase boundary than this alloy, shows no evidence of 
ferrite after holding 15 hr at 1100°C. It is very im- 
probable that the ferrite evident in Mr. Rosenberg’s 
micrographs could have formed during quenching. 

Mr. Foley pointed out that: “In commercial Fe-Ni- 
Cr alloys the occurrence of sigma has been observed 
time and time again at lower chromium contents than 
that of the 24 pct Cr, 16 pct Ni, 60 pct Fe alloy which 
is the lowest permitted by fig. 15 of practically carbon- 
less metal.” Such a composition as that mentioned by 
Mr. Foley does not exist in commercial alloys, because 
commercial alloys contain extraneous elements and 
products of deoxidation which often amount to 1 to 
2 pet of the total composition. It is reasonable to 
expect, therefore, that sigma might exist in an alloy 
containing 24 pct Cr, 16 pct Ni, 2 pct of Si, Mn, P, S, C, 
O, N, and 58 pct Ni. Such a commercial alloy is far 
removed from the Fe-Cr-Ni ternary system when the 
low solubility of these extraneous elements is taken 
into account. Therefore, would not one expect a phase 
other than the f.c.c. ternary solution? 

We believe the discussion of this paper has brought 
out an important point: The real Fe-Cr-Ni ternary 
phase diagram cannot be used without considerable 
discretion in its interpretation for evaluating phases 
which might exist in commercial alloys. 


Faults in the Structure of Copper-Silicon Alloys 


by C. S. Barrett 


DISCUSSION, F. H. Wilson presiding 


W. Hofmann, J. Ziegler, and H. Hanemann—Having 
dealt with the same alloys in the winter 1941 to 1942, 
we want to give a short report on the generating of 
the hexagonal kappa phase by deforming the super- 
saturated alpha phase, which we then observed. This 
work was delivered as a Doctor of Engineering dis- 
sertation to the Technical University of Berlin by 
J. Ziegler in 1942. It still exists in two copies, some- 
what damaged, a brief publication of it having been 
issued in Fiat-Review.” 

Our work was started from the alloy Tombasil with 
4.5 to 5 pct Si, 14.5 to 14 pct Zn, the rest Cu. Torpedo 
propellers were die cast from this alloy in Germany 
during the war. In order to improve this alloy, 
annealing was tried. By this treatment the alloy be- 
came at the same time harder and more brittle. A 
further research of this process was made in the Got- 
tingen University” and the “Institut fiir Metallkunde’”’ 
of the Technical University of Berlin. It soon was 
apparent that the Cu-Si diagram at our disposal™® * * 
would not fit the observations. For this reason the pith 
of the matter became from then on the Cu-Si system. 
At that time we did not know of Smith’s® and 
Andersen’s” latest diagrams. We first knew of them 
from Dr. Barrett’s publication. 

Twenty-two alloys containing 2 to 11 pct Si were 
melted in a nitrogen atmosphere and generally homog- 
enized for 2 to 4 hr at 800°C. Part of the samples 
were then annealed at 700°, 600° and 500°. Annealing 
was followed by quenching in water. The phases 
corresponding to the various temperatures were identi- 
fied by X-ray and microscopy. The Debye-Scherrer 
photographs generally were made of filings. The latter 

W. HOFMANN, Technische Hochschule Braun- 
schweig, Braunschweig, Germany; J. ZIEGLER, Metal- 


lurgist; H. HANEMANN, Technische Hochschule Ber- 
lin, Berlin, Germany. 


were produced after the last anneal of the samples, 
then equally annealed another 30 min in evacuated 
glass tubes and quenched in water. 
In the region of concentrations examined, the Cu-Si 
phases already known to us were observed: 
alpha, kappa (then called beta by us), gamma. 
By hot exposing an alloy of 7.69 pct Si at 800° and 750°, 


Stable system 
——— Merastable system 


Temperature, °C 


Fig. 1i—Schematic diagram of copper-silicon. 
Solid lines: stable system, dotted lines: metastable 
system. 
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Figs. 18 to 20—Alloys homogenized 4 hr at 800°C and quench i i i 
plated Usk xin quenched. Nonetched microsections. Exposures in the 


Fig. 18 (top)—5.63 pet Si. Alloy quenched after homogenizing at 800°C from 700°C (5 hr). Pure kappa. 
Fig. 19 (center)—4 pct Si. X-ray diagram of the filings shows only alpha though microsection anisotropic. 
~ Fig. 20 (right)—4.5 pet Si. 


there appeared, in addition to kappa, a phase, the 
structure of which we could not determine. We con- 
sidered it as the delta phase. It could not be quenched. 
In its place gamma lines appeared at room tempera- 
ture. All these observations are in agreement with 


Smith’s” publication, unknown to us at that time. O04¥ 
There is a further agreement in the fact that kappa a Oak 
decomposes into alpha and gamma below 600° and that ieee 
this eutectoid decomposition can be prevented by i — O13 


quenching. The eutectoid could not be proved by 
dilatometer observations. We explained this by the 
minute change of volume which this transformation 

caused. Dr. Barrett’s treatments confirm this explana- mee 
tion. We then constructed the diagram reproduced in 
fig. 17. Its lines were drawn to correspond to equilib- . — olf 
rium. It is true that this diagram does not quite come 
up to the accurateness of Smith’s. 

The microscopic examination was almost entirely 
earried through with nonetched microsections in 
polarized light. Here kappa shows large homogeneous 
crystals which cause strong effects in the polarized 
light (fig. 18). Alpha has a tendency to form twins 
and slip bands. It is remarkable that in alloys which 
contain the two phases together, alpha and kappa 
eannot be distinguished from each other. We only 
observed an optic anisotropy increasing with the kappa 
content, and vice-versa, slip bands and twins increas- 

- ing with the alpha content. Alpha and kappa seemed 
to penetrate one another completely without visible 
grain boundaries. We were surprised to observe an 
effect in the polarized light even in alloys which in 

_the Debye-Scherrer-diagram of filings proved as pure 
alpha or alpha with little beta (figs. 19 and 20). 
Similar observations in the polarized light had been 
made previously by M. von Schwarz.” He had referred 
the optic anisotropy to stresses in the lattice of the _ 

__ alpha phase or to segregations from the supersaturated 
alpha phase. From the fact that the microsection of 
an alloy, which in the X-ray diagram of filings con- 
sisted of cubic phases (alpha and gamma), appeared 
anisotropic in the polarized light, we concluded that 
kappa might be built as a metastable phase in lower 
temperatures. Apparently it was generated by the 
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Fig. 21 and 22—Debye-diagrams. Alloy with 4.45 


deformation in grinding the samples which originally pet Si rod-formed. Fig. 21 (left) —Sample homog- 
contained alpha. In order to prove this a number of enized and quenched: alpha. Fig. 22 (right)— 
tests was carried through. Same as fig. 21 forged and annealed 3 hr at 300°C: 


A sample with 4.45 pct Si had been homogenized, alpha plus kappa. 
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quenched and then X-rayed. The pattern showed only 
alpha (fig. 21). After forging the rod, the X-ray 
diagram now showed kappa lines beside alpha. By 
annealing the sample at 300° after deformation the 
kappa lines became even sharper (fig. 22). 

The alloy with 5.12 pct Si was exposed to similar 
tests. Here the homogenized and quenched rod showed 
the same lines (alpha and kappa) as the sample after 
deformation. By annealing the rod at 300° for 3 hr, the 
intensity of the kappa lines increased at the cost of 
the alpha lines. After a two days’ further annealing 
at 500°, alpha besides a little gamma appeared in the 
X-ray diagram. These phases correspond to the equilib- 
rium. This last specimen was very carefully ground 
and polished, and the superficial layer, deformed by 
grinding, was etched off. Thus the anisotropy in the 
polarized light ceased. As the face-centered cubic 
alpha phase and the hexagonal close-packed kappa 
phase differed from one another only by the stacking 
of atomic planes, we—just as Dr. Barrett does—re- 
ferred to the transformation of the deformed alloy as 
a translation mechanism, similar to the cobalt trans- 
formation. Furthermore we believed that we could 
explain the transformation of the supersaturated alpha 
phase into alpha plus kappa by a metastable diagram, 
as represented in fig. 17 by dotted lines. If this 
explanation be correct, proof should be given that 
the silicon content of the supersaturated alpha phase 
is lowered to the value of the dotted line when 
generating kappa by deformation. 

Finally an observation made in the pattern of fig. 22 
should be mentioned. Here the kappa lines are 
broadened while the alpha lines, in spite of the de- 
formation, have remained sharp. From this it follows 
that the broadening of the kappa lines is not due to 
deformation but to the small thickness of the hexag- 
onal close-packed lamellae. Having found our results 
by methods somewhat different from Dr. Barrett’s, 
we believe that one work is a good supplement of the 
other one. 

Dr. Barrett’s X-ray methods mean a progress com- 
pared with ours, as the faults caused by deformation 


of the copper-silicon alloys are now analyzed in detail. 

C. S. Barrett (author’s reply)—The information from 
the independent investigation in Berlin confirms a 
number of conclusions of the present paper and of 
earlier studies of these alloys. The discussers’ conclu- 
sion that kappa, not gamma’, is generated by cold work 
appears at first contradictory but can readily be rec- 
onciled with the present results. The conclusion was 
based on broad lines in Debye patterns, which co- 
incided with the position of kappa lines; but with the 
higher resolution possible in our oscillating patterns 
of gamma’, as in fig. 8, it is seen that several kappa 
lines are flanked by a pair of gamma’ maxima, one on 
each side of the true kappa line. Failure to resolve 
these satellite lines around the kappa lines 10-1, 10-3, 
and 20-3 would naturally lead to the conclusion that 
kappa was generated. The discussers’ Debye pattern 
for a 4.45 pct Si alloy forged and annealed at 300°C 
shows 10-1 and 10-3 lines to be broader than 00-2; 
this is in accord with the idea that unresolved satellites 
are present and could not be accounted for, incidentally, 
by the theory of thinness of hexagonal lamellae pro- 
posed by the discussers. Lamellae that are thin in the 
c dimension would have given a pattern in which 00-2 
is also broadened. 

The observation of optical anisotropy in unetched 
microsections need not require the conclusion that the 
strains of grinding and polishing generate kappa. The 
gamma’ and faulted alpha phases that are left after 
such straining are, presumably, both anisotropic. 
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Undercooling of Minor Liquid Phases in Binary Alloys 


by C. Wang and C. S. Smith 


DISCUSSION, F. H. Wilson presiding 


D. Turnbull—In the opinion of the writer the most 
interesting result described in this paper is that the 
distribution of tin with respect to soliditication tem- 
perature has several fairly well-defined maxima. It 
appears that each peak may be associated with a cata- 
lytic impurity of some rather specific composition. 

Recently we have obtained some additional evidence 
in favor of this viewpoint in experiments on the super- 
cooling of lead droplets coated with different surface 
films. The distribution of lead droplets, ostensibly 
coated with lead sulphate, with respect to solidification 
temperature exhibited two distinct and reproducible 
maxima, one at 20° supercooling and the other at 47°. 
On the other hand, when the droplets were ostensibly 
coated with halide films, no solidification was percep- 
tible until the aggregate was supercooled more than 
55°. Upon further cooling a single well-defined peak 
centering at 60° supercooling was observed. Since the 
particle size distribution was the same in these two 
sets of experiments it appears that the most reasonable 
interpretation of the results is that the sulphate sur- 
face film or its reaction products with lead are much 


D. TURNBULL, Research Lab., General Electric Co., 
Schenectady, N. Y.; M. B. BEVER, Massachusetts In- 
stitute of Technology, Cambridge, Mass. 


more effective in catalyzing the nucleation of lead 
crystals than are lead halide films. 

C. S. Smith (authors’ reply)—Dr. Turnbull’s experi- 
ments with lead drops coated with various surface 
films are most interesting. However, before drawing 
conclusions from the cooling curves described in the 
paper as to the existence of a few nucleus types effec- 
tive at a few different temperatures, one must con- 
sider the state of subdivision of the liquid metal. In 
the Al-Sn alloy used, the tin was not in uniform drop- 
lets but tended to collect in three distinct shapes—in 
long interconnecting prisms along grain edges, in some- 
what elongated interdendritic branching pools, and in 
isolated droplets. A single nucleus will solidify only 
the metal in contact with it, and the heat evolved will 
be proportional to the connected volume. A uniform 
distribution of nuclei of random effectiveness in such 
an alloy will cause peaks on the specific heat curve on. 
cooling, which correspond to the volume distribution 
of tin and tell nothing about the nucleus type. In any 
real alloy both effects will be combined, and it seems 
impossible at present to distinguish between them. 

M. B. Bever—The thesis of this interesting paper is 
supported by a combination of positive and negative 
evidence. The authors have shown that under certain 
conditions a liquid phase may undercool, if it is dis- 
persed in a thoroughly discontinuous manner through- 
out a solid matrix. They also found that undercooling 
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failed to take place in two systems in which the liquid 
phases were continuous. The authors’ interpretation of 
these results concentrates on this difference in geo- 
metrical distribution. The argument is convincing al- 
though the evidence is limited to very few alloy systems. 

The question arises as to whether in addition to the 
effect of distribution there is also an interaction be- 
tween the matrix and the liquid. The paper suggests 
that solid copper may nucleate the solidification of a 
lead-rich or bismuth-rich liquid. One may wonder 
whether this nucleation is affected by specific prop- 
erties of the phases in a given system. 

It is probable that a solid matrix interacts with a 
dispersed solid phase. The retention of gamma iron in 
a Cu-Fe alloy mentioned in the paper may be explain- 
able by such solid-to-solid interaction rather than by 
the lack of a nucleating effect: stresses, perhaps aided 
by forces of registry or coherency, may be expected to 


stabilize dispersed particles of face-centered iron in | 


copper. 

This extensive application of the method of thermal 
analysis first suggested by Dr. Smith some years ago 
is of interest on its own account. However, the nu- 
merical results for the heat of fusion of tin raise a 
question. The authors report values ranging from 15.4 
to 16.3 for the total heat evolution due to tin solidifica- 
tion, while the generally accepted value is in the range 
of 14.2 to 14.5 cal per g of tin. Because of the magni- 
tude of this discrepancy and the range of values found 
‘by the authors, a clarification of this point would be 
desirable, as it may have a bearing on the interpreta- 
tion of the undercooling phenomena or on the accuracy 
of the method of thermal analysis. 


C. S. Smith—Dr. Bever’s comments are appreciated. 
In regard to the nucleation of a solid phase from an- 
other solid it seems probable that Dr. Bever’s solid- 
solid interaction can be treated in terms of interfacial 


energy as Turnbull’ has indicated for the solid-liquid 
case. Interface energy is the result of strain energy as 
well as chemical interaction energies, ete., and can 
serve as an approximate inverse index of ease of nu- 
cleation. 


Dr. Bever questions the accuracy of the thermal 


analysis method used. At least half of the difference 


between the observed latent heat and the commonly 
accepted value for pure tin is due to the fact that the 
tin-rich phase in the aluminum alloys is actually a 
eutectic containing about 0.5 pct Al by weight. Since 
aluminum has a latent heat of solidification of about 
95 cal per g, the eutectic would be expected to have a 
latent heat of about 0.5 cal above that of pure tin. The 
cooling curve method certainly does not have the abso- 
lute accuracy of Syke’s method or others using quanti- 
tative electrical heat input measurements; it does, 
however, have the virtue of extreme simplicity and 
cheapness and of being applicable to cooling. If suffi- 
cient care is taken it will give results of quite accept- 
able precision. The initial measurements on beta brass, 
described in the 1940 paper,* gave specific heat measure- 
ments accurate to within about 2 pct. The integrated 
area corresponding to an arrest spread over a wide 
temperature range would not be so accurate. It should 
be remembered that the latent heat of solidification of 
tin in the present experiment represents only a small 
fraction of the total heat effect being measured, and 
an error of 5 pct is not surprising, since no attempt 
was made to achieve high accuracy. The most likely 
source of error lies in the fact that the constants of the 
thermal resistor were obtained by using a copper 
standard, whose thermal characteristics would un- 
doubtedly be slightly different from those of the alumi- 
num alloys. 


6D. Turnbull: Principles of Solidification. Thermodynamics in 
Physical Metallurgy. A.S.M. (1950) 287-306. 


Measurement of Relative Interface Energies in Twin Related Crystals 


by C. G. Dunn, F. W. Daniels, and M. J. Bolton 


DISCUSSION, G. P. Halliwell presiding 


J. P. Nielsen—The data that Dr. Dunn and his asso- 
ciates have been obtaining are welcome checks on the 
theoretical aspects of grain boundary energies. With 
reference to the comments on the validity of the inter- 
facial tension concept, I should like to say that I have 
been having considerable difficulty myself in untang- 
ling the confusion between “interfacial tension” and 
“interfacial energy.” The confusion however resolved 
itself for me when I learned that “interfacial tension” 
for solids, or at least crystals, is used with two dis- 
tinct meanings. 

One meaning” ™ that is implied for “interfacial ten- 
sion” is the work necessary to produce or increase the 
surface of the solid in question by a unit area, tem- 
perature and pressure held constant. This comes from 

the somewhat surprising but simple fact that surface 

tension and surface energy in the case of liquids are 
identical quantities. This synonymity has carried over 
to crystals, where it should be kept in mind that the 
tension connotation has meaning only by analogy with 
liquids and that no real stresses are being referred to. 
The only reason that there is apparently a set of 
stresses acting at a grain boundary junction is the 
optical illusion that liquid interfaces are being ob- 
served for the grain boundaries. : 

The other meaning® * ” for the term has to do with 
actual states of stress in the surface of a material as 


csi aa espe mesa aes AN A SD 
J. P. NIELSEN, New York University, New York, 
N. Y.; J. B. HESS, University of Chicago, Chicago, IIl. 


would be measured by a system of forces applied to 
the surface to equate the surface stress state with 
that in the body of the crystal. 

J. B. Hess—Since the authors have proposed that the 
surface tension concept should be discarded in order 
to deal with the general case of interface energies in 
solids, their attention should be called to a recent 
paper by Gurney.” The latter has shown, from a 
thermodynamic argument, that surface tension is a 
valid concept in solids. In fact, Gurney has rejected 
the idea that surface tensions are merely mathematical 
fiction and, instead, has given an interpretation of their 
physical reality. Finally, he has concluded that, as 
long as appreciable atomic migration takes place, spe- 
cific surface energies and surface tensions must be 
equivalent in solids as well as in liquids. Accordingly, 


- the authors’ eqs 2 and 3'can be written with equal 


accuracy in terms of interface tensions, simply by re- 
placing each E,, with its numerically and dimension- 
ally equivalent interfacial tension y,;. 

If the interfacial tensions (or specific energies) are 
independent of interfacial orientation, as is true in 
liquids, then the general equations that define the 
geometry at equilibrium of the common junction of 
three interfaces reduce to eq 1. However, neglect of 
the effect of boundary orientation is never completely 
justified theoretically* in dealing with crystalline sol- 
ids; hence, use of eq 1 in such cases must always be 
considered as an approximation, though clearly a rea- 
sonable one for many purposes."* At the same time, 
one should not be surprised that the assumption that 
interface tensions in solids are free from orientation 
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Fig. 14—Thermal grooves at the boundaries of twin 
related grains in high purity copper. 


Grain pairs AB, BC, DE, EF, and FG are twin related. Thermal 
etch in hydrogen at 950°C for 1 week. X250. 


dependence lacks generality; one should expect,* in- 
stead, that some interface tensions will be sensitive to 
interface orientation. 

The authors have demonstrated convincingly that 
the interface between twin related crystals in body- 
centered silicon ferrite belongs to that class of inter- 
faces whose orientation dependence cannot be ignored. 
Fig. 14 demonstrates qualitatively that the interface 
between twin-related crystals in the face-centered 
cubic system also falls into the same category. The 
micrograph shows high-purity copper that had been 
thermally etched in a hydrogen atmosphere at 950°C. 
The grooves at the grain interfaces are a surface ten- 
sion effect” representing the equilibrium between the 
tensions of the copper (solid)—vapor interfaces and 
the copper (solid)—copper (solid) grain boundaries. 
The lattices of grains A and B are twin-related (as 
are also the grain pairs BC, DE, EF and FG). Shallow 
grooves, indicating relatively low tension in the grain 
boundary, are seen, e.g., in the boundary segments 1-2 
and 6-7, where the interfaces correspond to the (111) 
planes that are common to the lattices of both adja- 
cent grains. Deeper grooves, indicating higher tension, 
e.g., in the boundary segments 2-3 and 4-5, are found 
for other interface orientations between the same 
grains. This indication of greater tension in the seg- 
ment 4-5 is further supported by the dihedral angles 
produced at the three-boundary junction 5, where the 
angles are all roughly equal, while the differently 
oriented twin boundary segment 1-2 has negligible 
effect at the triple-point 1. 

The Herring equations, eq 2, cannot be completely 
general in defining the geometry at equilibrium of 
three-boundary junctions, for the triple-point dis- 
placements assumed for their derivation may not be 
attainable in certain cases, where one or more of the 
boundaries involved has a significant orientation de- 
pendence. For example, Nielsen,” Smith,” and Shock- 
ley and Read* have discussed the limitations when one 
of the boundaries is a twin interface, and the only 
possible junction displacements are either an extension 
or contraction of the twin interface. 

Evidently, however, significant orientation depend- 
ence is not confined to the case of twin boundaries, for 
I have occasionally observed segmented boundaries, 
analogous to the boundary 1-5 in fig. 14 and therefore 
similarly indicating significant orientation dependence 
of the interface tension, in certain other instances that 
are now being studied in detail. It appears possible, 
for example, that the case can occur where two of the 
interfaces at a three-grain junction are highly orienta- 
tion dependent. The junction numbered 8 in fig. 14, in- 


volving successively twinned grains, is certainly one 
such case, but microstructures suggesting greater gen- 
erality for this case have also been observed. At such 
a junction no displacement of the triple point is possi- 
ble and the only adjustment in junction geometry that 
can occur is a rotation of the orientation insensitive 
boundary. Radical rotations, however, may be limited 
by the constraints from neighboring junctions. Such 
possible constraints were not considered in the Her- 
ring derivation, and hence may further limit the gen- 
erality of his equations. 

In summary, therefore, it can be stated that, since 
interface tensions having significant orientation de- 
pendence must be treated by modified forms of the 
generalized equations, any attempt to relate various 
boundary energies by means of measurements of three- 
grain junction geometry can only be truly accurate 
if coupled with a priori knowledge of the orientation 
dependence of the interfaces involved. 


C. G. Dunn, F. W. Daniels, and M. J. Bolton (authors’ 
reply)—The authors wish to thank Professor Nielsen 
and Mr. Hess for their comments. Regarding surface 
tensions, it may appear from our preference of express- 
ing equilibrium through the minimization of the total 
free energy of the grain boundaries, rather than 
through the equilibration of a system of forces, that we 
questioned the existence of surface tensions. This, 
however, is not the case. Our problem was one of 
procedure, because it did not seem unreasonable to 
question the identity of energy per unit area and sur- 
face tension for the case when energy varies with 
boundary orientation (in this case the surface tensions 
do not form a closed triangle of forces; additional 
forces at right angles to the boundaries enter the 
picture*®). Consequently our decision was to use equa- 
tions that expressed the minimization of total grain 
boundary energy. 

In this connection it is interesting to note tha 
Gurney” starts with energy concepts in proving that 
surface tension is a valid concept for the free surface 
of a solid and for proving specific surface energy equals 
the surface tension when there is sufficient atomic mo- 
bility at the surface to create an equilibrium density 
of atoms. At equilibrium temperatures the surface is 
considered to be a liquid layer. Applied to the present 
problem one would conclude that boundary and ori- 
entation effects would vanish and the equilibrium 
angles would be 120° at temperatures where boundaries 
become essentially liquid in nature. The present view 
regarding the nature of grain boundaries, however, is 
that they fulfill the transition lattice theory better than 
the liquid layer theory.” 

Some of the limitations of eqs 2 and 3 mentioned by 
Mr. Hess were also discussed in the text, particularly 
with reference to specimen G. 

Mr. Hess has shown some very interesting data for 
copper. Since these results also emphasize the im- 
portance of grain boundary orientation effects, his 
further work in this field will be followed with con- 
siderable interest. 
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Titanium Binary Alloys 


by C. M. Craighead, O. W. Simmons, and L. W. Eastwood 


DISCUSSION, W. C. Ellis presiding 


Ww. C. Ellis—Some of the micrographs show charac- 
teristic straight-line markings suggestive of Widman- 
statten structure. Have the habit planes of these mark- 
ings been identified? 

Titanium has been reported in earlier publications 
to possess good corrosion resistance in many environ- 
ments—particular mention has been made of salt water. 
In alloying to achieve higher physical properties are 
the corrosion properties adversely affected? 

C. M. Craighead, O. W. Simmons, and L. W. East- 
wood (authors’ reply)—Alloys normally all alpha or 
largely alpha at room temperature will show a Wid- 
manstatten structure when they have been cooled from 
the beta field. This is, of course, entirely within ex- 


W.C. ELLIS, Bell Telephone Labs., New York, N. Y.; 
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pectations. We have not established the planes upon 
which the precipitation takes place. 

No data on the resistance to corrosion of the alloys 
are available, but this information is being obtained. 

H. E. Stauss—The authors have melted a very re- 
active metal containing a large amount of oxygen (0.14 
pet) and have relied upon a neutral atmosphere to 
remove the oxygen. Can the effective oxygen content 
be reduced further by the use of some addition to fix 
or stabilize the oxygen? 

C. M. Craighead, O. W. Simmons, and L. W. East- 
wood—We know of no method of removing oxygen 
from titanium without reprocessing it. Because of the 
strong affinity for oxygen, most reducing agents are 
probably not effective. We did not use an inert atmos- 
phere to remove oxygen, as implied by Mr. Stauss. 
Instead, we use an inert atmosphere during melting 
to prevent contamination with oxygen as well as other 
impurities. 


Some Observations on the Recovery of Cold Worked Aluminum 


by T. V. Cherian, P. Pietrokowsky, and J. E. Dorn 


DISCUSSION, W. L. Fink presiding 


H. Schwartzbart and W. F. Brown, Jr.—The authors 
have divided the effects of recovery on the true stress- 
true strain curve into two types; metarecovery, which 
effects-only the first part of the curve or the yield 
strength, and orthorecovery, which effects the flow 
stress at any, strain. Both of these are said to be true 
recovery effects, involve no recrystallization, and are 
explained by the removal of two different types of im- 
perfections caused by work hardening. 

However, there seems to be some question as to 
whether the data are sufficiently conclusive to exclude, 
as an explanation of the authors’ results, a mechanism 
based on the relief of residual stresses between the 
grains or slip bands and recrystallization. It appears 
that metarecovery could be interpreted in the same 
fashion as a customary interpretation of the Bausch- 
inger effect. The balanced system of internal stresses 
which exists between grains in a strained specimen 
due to varying orientation and, hence, yield strengths, 
of the different grains is responsible for a reduced 
yield strength in compression following pre-tension, 
and, similarly, for an elevated yield strength in tension 
following pre-tension. If the specimen is now heated so 
that the internal stresses are relieved by creep, then 
the yield strength in tension following tension will 
have been reduced and in compression following ten- 
sion will have been raised. 

There seems to be a very strong case for the lack of 
recrystallization in the aluminum investigated by the 
authors, if one defines recrystallization as the presence 
of visually detectable new grains or accepts the X-ray 

evidence as conclusive. One must remember, however, 
that the appearance of spots on the back-reflection 
X-ray patterns cannot be taken as the time when re- 
crystallization first started. The areas of recrystallized 
strain-free material must first have grown to a size 
large enough to give distinct spots on the patterns and 
this may take some time. Averbach™ in an investiga- 
tion of brass has shown that recrystallization can be 
detected by extinction measurements at temperatures 
lower than those based on hardness or X-ray line 
width determinations. It can be seen from fig. 10 that 
the rate of recrystallization is extremely low over.a 
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considerable time period at the onset of the process. 
Observations on the rate at which small amounts of 
recrystallization effect the flow stress would have 
given further insight as to whether undetectably small 
amounts of recrystallization might have been responsi- 
ble for orthorecovery. Also, the question arises as to 
whether the effects observed in fig. 6 for various times 
and temperatures could not have been obtained if the 
time at 212°F were sufficiently long. In addition, the 
argument that the curve in fig. 10 is not sigmoidal 
seems weak in view of the scattering of the points. It 
is conceivable that an accurate determination of the 
curve for the first 100 hr would exhibit a relationship 
other than the one drawn. 

There is one point we would like to raise about the 
condition of the starting material. The authors an- 
nealed their material at 750°F for 15 min to remove 
the effects of any previous work hardening or machin- 
ing strains. Reference to the work by Anderson and 
Mehl shows that this treatment may not have com- 
pletely recrystallized the aluminum, so that the start- 
ing material may have had some strained areas. Higher 
temperatures or longer times may have been required 


‘to remove the effects of any small strains. 


We would like to mention some results of tests be- 
ing conducted at the Lewis laboratory of the National 
Advisory Committee for Aeronautics in an investiga- 
tion of the Bauschinger effect in relation to fatigue. 
Tests were performed on annealed electrolytic copper 
and several annealed brasses. Specimens were pre- 
strained 1 pct in tension and then tested in compres- 
sion or tension with and without intermediate stress- 
relieving annealing treatments at 500°F for various 
times. Specimens heated at 500°F for 10% hr showed 
an elevation of the flow curve in compression and an 
approximately equal lowering of the flow curve in 
tension when compared with the curves for the un- 
heat treated specimens. After approximately 0.8 pct 
strain, all flow stresses coincided and were equal to 
the flow stress of the virgin material at this strain. This 
behavior is consistent with the metarecovery observed 
for aluminum by the authors and for which a residual 
stress model can be used. On the other hand, increas- 
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ing the recovery time to 15% hr resulted in a flow 
stress in subsequent tension which was below that for 
the virgin material at all strains, 1.e., orthorecovery was 
obtained. We would like to raise the point that this 
seems to be inconsistent with a two-mechanism process 
of recovery. It would seem to us that once only meta- 
recovery was obtained, further time at the tempera- 
ture in question should not produce orthorecovery, 
since this process requires a higher activation energy 
which could be reached only by increasing the tem- 
perature. 

The behavior of brass is entirely different. Recovery 
treatments are possible which reduce greatly the mag- 
nitude of the Bauschinger effect (i.e., raise the 0.1 pct 
yield strength in subsequent compression approxi- 
mately 90 pct, but do not change the 0.1 pct yield 
strength in subsequent tension more than 5 pct). It 
would seem that strain aging is acting as a complicat- 
ing factor in the behavior of the brass. 

Summing up, it would seem to require more proof 
to show that different recovery mechanisms are re- 
sponsible for the observed phenomena and that it is 
not actually merely relief of residual stresses and re- 
crystallization. According to our understanding, it 
would be necessary to show conclusively that at no 
temperature would it be possible to get metarecovery 
after which orthorecovery would begin at longer times. 


T. V. Cherian, P. Pietrokowsky, and J. E. Dorn 
(authors’ reply)—The authors wish to thank Messrs. 
Schwartzbart and Brown for their interesting and 
stimulating discussion. The anneal preliminary to 
strain-hardening the tensile specimens was introduced 
in order to place the specimens in some standard state. 
The rather good agreement between the stress-strain 
curves of the various specimens preliminary to the re- 
covery treatment strongly suggested that this objective 
had been achieved. Undoubtedly the recovery of the 
Bauschinger effect does attend what we have termed 
“metarecovery.” This effect can be visualized, in part, 
as a relief of microstresses on slip bands due to the 
interaction of various grains and their substructures, 
resulting from the accumulation of dislocations near 
the boundaries of the substructures and grains. It is 
quite possible that the migration of dislocations under 
the action of the residual microstresses attends the 
annealing. Inasmuch as no study of the Bauschinger 
effect was made in the present investigation, it was 
considered inadvisable to ascribe what was termed 


Effect of Prestraining Temperatures on 


by T. E. Tietz, R. A. 


DISCUSSION, W. L. Fink presiding 


D. H. Woodard—Work completed some time ago on 
the behavior of the flow curves of Monel suggests that 
more might be involved in the lowering of the flow 
curve than the phenomenon of recovery. When flow 
curves are obtained, at room temperature, on 0.505-in. 
specimens, following the type of deformation at ele- 
vated temperature known as creep, results similar to 
those shown in fig. 8 are obtained. The top curve is 
approximately that of annealed Monel carried to frac- 
ture at room temperature. The other curves were simi- 
lar to those obtained at room temperature on speci- 
mens that had been (1) prestrained 0.1 pct at room 
temperature, (2) brought to 900°F in a creep furnace, 


D. H. WOODARD, National Bureau of Standards, 
Washington, D. C. 


“metarecovery” as solely a recovery of the Bauschinger 
effect. 

Messrs. Schwartzbart and Brown suggested that what 
we have termed “orthorecovery” might actually be re- 
crystallization. This interpretation of “orthorecovery” 
appears to be at variance with the commonly accepted 
process of recrystallization, namely nucleation and 
growth. Such processes always yield sigmoidal types of 
fraction transformed vs. time curves due to the fact that 
before growth occurs stable nuclei must form. During 
the preliminary stages of recrystallization, the number 
of nuclei are so small or their surface area is so small 
that the rate of recrystallization is low. But, as the 
pre-existing nuclei grow and as more nuclei form, the 
rate of growth increases and reaches a maximum value. 
Thereafter the rate of recrystallization decreases be- 
cause of the impingement of growing grains upon each 
other. Only when the rate of nucleation is infinite can 
the process of recrystallization start with a maximum 
rate. In contrast to the above picture for recrystalliza- 
tion, “orthorecovery” has its greatest rate at the start 
of the annealing treatment. This is shown more accu- 
rately in a recent paper.* Since the greatest rate of 


18T, E. Tietz, R. A. Anderson and J. E. Dorn: Effect of Prestrain- 
ing Temperatures on the Recovery of Cold Worked Aluminum. 
Trans. AIME, 185, 921; Journal of Metals (Dec. 1949) TP 2716E. 


“orthorecovery” was observed at low temperatures 
where the nucleation rate is known to be low, it fol- 
lows that “orthorecovery” is distinctly different from 
the process of recrystallization as pictured above. 

The statement by Messrs. Schwartzbart and Brown, 
that “... once only metarecovery was obtained, further 
time at the temperature in question should not pro- 
duce orthorecovery, since this process requires a higher 
activation energy which could be reached only by 
increasing the temperature,’ is unacceptable to the 
authors. According to the general tenets of reaction 
rate theory both reactions can occur simultaneously, 
but that reaction which has the higher activation 
energy occurs more slowly. At low temperatures and 
short times the process having the lower activation 
energy predominates. At higher temperatures the 
process of lower activation energy occurs very rapidly 
and is then followed by the process of higher activa- 
tion energy. In the present cases of ‘“meta” and “ortho- 
recovery,” it appears as if the process of “ortho- 
recovery” occurs after the “metarecovered” state is 
achieved. 


the Recovery of Cold Worked Aluminum 


Anderson, and J. E. Dorn 


(3) loaded similarly as creep specimens, (4) allowed 
to deform in creep to the beginning, the middle, and 
the end of the second stage of creep respectively. As 
these specimens were allowed to stand, without load, 
for four days, it was felt that macrorecovery had been 
completed. 

To investigate the microstructural differences in the 
four specimens, the sectioned surfaces were made op- 
tically active under polarized light. Fig. 9 shows the 
effect of increasing plastic deformation on the micro- 
structure of the annealed specimen. Here, within any 
one grain, a difference in intensity represents a dif- 
ference in orientation. It is evident that increasing 
plastic deformation results in increasing distortion of 
the grains. Fig. 10 shows an area within ig in. of 
fracture of a specimen fractured at room temperature | 
after being carried to the end of the second stage of 
creep. Not only are the grains not as severely elongated 
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; : i ment of a fiber texture during room tempera- 
Fig. 8—Creep specimens given 0.1 pct strain at ture deformation. 
76°F before being loaded at 900°F. 


but the distortion within any one grain is less. This 
suggested that the amount of preferred orientation 
developed was less after creep than after the same 
extension at room temperature. 

If one measures the integrated intensities from sev- 
eral hundred grains as the plane of polarization is 
rotated, solid curves, such as those shown in fig. 11, 
result. As increasing plastic deformation results in an 
increase in the sharpness of the peaks, it is assumed 
that this is a quantitative measure of the development 
of preferred orientation. When this technique (which 
is apparently more sensitive than X-rays) is applied 
to specimens that have been strained equal amounts 
in creep before pulling at room temperature, dashed 
curves of the type shown result. It becomes apparent 
then that the more a specimen deforms in creep, the 
easier it becomes for it to deform at a lower tempera- 
ture without developing a preferred orientation tex- 
ture. 

The authors conclude, from the varying slopes of 
fig. 1, that the rate of strain hardening is different at 
the two temperatures. As the rate of strain hardening 
is-less after creep, it is evident that the rate of change 
in the amount of distortion in the grains determines 
the rate of strain hardening. Further evidence of this 
sort has been obtained at the National Bureau of 
Standards and is, I hope, to be reported shortly. 

T. E. Tietz, R. A. Anderson, and J. E. Dorn (authors’ 
reply)—We wish to thank Mr. Woodard for his inter- 
esting contribution. The last sentence of the first para- 
graph of Mr. Woodard’s discussion is not clear to the 
authors inasmuch as it is not stated whether the tem- 
perature at which the “specimens were allowed to 
stand, without load” was 900°F or room temperature. 
In addition the data recorded in the second paragraph 
of Mr. Woodard’s discussion are not satisfactorily 
identified insofar as it is not certain whether the total 
strain during creep at 900°F and subsequent straining 
at room temperature was greater, less than, or equal to 
the straining at room temperature in the specimen used 
for comparison. In the fourth paragraph of his discus- 
sion Mr. Woodard states that “The authors conclude, 
from the varying slopes of their fig. 1, that the rate of 
strain hardening is different at the two temperatures.” 
But curves C to D and F to H of our data were obtained 
at the same temperature with the two designated al- 
ternate prestrain histories. The two dissimilar slopes 
for curves C to D and F to H show that the rate of 
strain hardening does depend on the prestrain history. 
The difference in the degree of preferred orientation 
between states F and C was less than that which could 
be detected by the usual X-ray procedures. The 
authors hope that the technique developed by Mr. 
Woodard will be adapted to clarify how much of the 


Fig. 10—Specimen fractured at room temperature failure of the mechanical equation of state might be 
following end second stage of creep. X750. due to preferred grain orientation. 


_— Fig. 9—Variations in intensity patterns within 
: individual grains in Monel metal after plastic 
deformation in tension. The axis of tension is in 
the vertical direction for all specimens. X750. 
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The Properties of Sand Cast Magnesium-Rare Earth Alloys 
by T, E. Leontis 


DISCUSSION, H. Y. Hunsicker presiding 


H. E. Stauss—This research shows that the best high- 
temperature properties were secured by use of an 
element that went into solid solution and not by use 
of the elements that produced complex structures. 
Would it not be true, if a complex structure could be 
produced together with the strengthening effect of 
solution, that further improvement in high-tempera- 
ture properties could be secured? 

T. E. Leontis (author’s reply)—It is true that the 
highest elevated-temperature properties were obtained 
with the rare earth metal that exhibits the greatest 
solid solubility in magnesium. But the improvement in 
these properties is not limited to the compositional 
range of solid solubility; all the property vs. composi- 
tion curves presented in the paper indicate that strength 


H. E. STAUSS, Naval Research Laboratory, Wash- 
ington, D. C. 


and creep resistance continue to increase with com- 
position in alloys well beyond the solid solubility limit. 

It can be shown by detailed evaluation of the data 
that the presence of lanthanum in these alloys con- 
tributes nothing to the strength properties. For exam- 
ple, Mg + 6 pct Ce-free Mischmetal contains 3.2 pct 
didymium and 3.1 pct lanthanum. The creep limit 
based on 0.1 pct creep extension of this alloy is 13,500 
psi at 400°F and that of an alloy containing 3.2 pet 
didymium only is also 13,500 psi (see fig. 18). Similar 
comparisons can be made with other properties and 
at various composition levels. In all cases it will be 
found that the presence of lanthanum in Mg-Ce-free 
Mischmetal alloys effects no further enhancement in 
the properties over those of the corresponding Mg- 
didymium alloy. Inasmuch as lanthanum is the least 
soluble rare-earth metal in magnesium, the above ob- 
servations lead to the conclusion that for a further im- 
provement in high-temperature properties, a metal 
that has an appreciable solubility in magnesium must 
be combined with Mg-didymium alloys. 


Some Effects of Phosphorus and Nitrogen on the Properties of Low Carbon Steel 
by G. H. Enzian 


DISCUSSION, J. J. Heger presiding 


A. B. Wilder—The data presented by Mr. Enzian are 
of fundamental importance to the manufacturers of 
low-carbon steel. The type of deoxidation, particularly 
with respect to the use of aluminum, as the author has 


A. B. WILDER, National Tube Co., U. S. Steel Corp. 
Subsidiary, Pittsburgh, Pa. 


indicated, is related to the work brittleness test results. 
The presence of aluminum is apparently related to 
nitrogen “fixation.” Material used in the investigation 
was normalized at 1650° to 1675°F. It has been our 
experience that normalizing influences results obtained 
in the work brittleness test. Hot-rolled carbon steel 
pipe is generally used in the as-rolled condition and 
comments regarding the work brittleness test results 
of this type of material would be of interest. 


Intergranular Parting of Brass during Anneals 
by F. H. Wilson and E. W. Palmer 


DISCUSSION, G. Edmunds presiding 


W. C. Ellis—The intergranular fracture observed by 
these authors in brass seems to be characteristic of 
metals when tested under similar conditions. It has 
been observed by us in room temperature tests on lead 
alloys subjected to constant stress when the stress has 
been low enough to afford a small strain rate. If, how- 
ever, the test be carried out at a high stress and there- 
fore at a large strain rate, a characteristic, tapered, 
transcrystalline fracture is obtained. The same change 
of fracture has been observed by others with decrease 
of strain rate and increase of temperature for other 
metals—for example aluminum—and may be presumed, 
as the authors point out, to be general for metals. 

These findings suggest a plastic flow mechanism 
under conditions of small strain rate and high cor- 
responding temperature differing from classical. block 
slip. The required conditions point to a process funda- 
mentally diffusive in nature—a less organized process 
than block slip. Nabarro*® has shown that plastic flow 
can occur by stress induced diffusion of vacant sites— 
a process of self-diffusion. Movements of a pseudo- 
viscous nature at grain boundaries are suggested in 
the work of Ké.” Deformation near to a grain boun- 
dary by other than a slip mechanism appears neces- 
sary to Boas and Hargreaves.” Wood and Rachinger” 
report a cellular structure in slowly deformed alumi- 


W. C. ELLIS, Bell Telephone Labs., New York, N. Y. 


num—the cell size is larger, the higher the tempera- 
ture and the slower the strain rate. Presumably in the 
latter case diffusive movements occurred in the cell 
boundaries. In any case the nonslip mechanism seems 
somewhat obscure and further work is indicated. Such 
studies will undoubtedly clarify the nature and be- 
havior of lattice imperfections—the very core of the 
strength and plastic properties of metals. 

F. H. Wilson and E. W. Palmer (authors’ reply)—It 
is certain that the metallic behavior which has been 
termed “creep” includes many interdependent phe- 
nomena of which a nonslip type of plastic flow may 
well be one. The reports to which Mr. Ellis refers are 
illustrative of the many different observations that 
must be correlated for a complete understanding of 
creep. The list could be extended considerably. For 
example, we ourselves have been impressed by the 
sensitivity of creep phenomena to the presence of 
minor impurities and feel that this aspect of the prob- 
lem pee more thorough study than it has yet re- 
ceived. 
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Effect of Solute Elements on the Tensile Deformation of Copper 


by R. S. French and W. R. Hibbard, Jr. 


DISCUSSION, G. Edmunds presiding 


f G. W. Geil—The authors have presented data show- 
ing the effect of the solute elements on the true stress 
and strain values for various copper alloys. Linear 
logarithmic true stress-strain curves are shown and 
the slopes of the straight lines beyond the yield 
strength region were considered as the work-harden- 
ing coefficients (the exponent m of the parabolic true 
stress-strain relation S = ke”, eq 1 in the paper). 
Unpublished test data that have been obtained re- 
cently at the National Bureau of Standards with OFHC 
copper and other nonferrous and ferrous metals and 
alloys tested in tension at room and subzero tempera- 
tures, however, do not conform to a linear relationship 
when the true stress-strain values are plotted on loga- 
rithmic coordinates. These tests were made with stan- 
dard cylindrical tensile specimens, and numerous 
“simultaneous load and diameter measurements were 
taken during the entire deformation of the specimen 
up to the fracture. The slope of the logarithmic true 
stress-strain curves at the maximum load were equal 
to the strains at the maximum load, as expected. How- 
ever, the portion of the curves between the yield 
strength region and the maximum load were not linear, 


; G. W. GEIL, National Bureau of Standards, Wash- 
ington, D. C.; C. S. BARRETT, University of Chicago, 
Chicago, Ill. 


and the true stress-strain values deviated greatly from 
the straight lines drawn through the maximum load 
points with the slopes equal to the strains at the maxi- 
mum load. The results lead me to question the shape — 
of the curves for strains above 0.01 as presented by the 
authors. Perhaps, due to the method of testing, either 
the dimensional measurements of the specimen after 
the release of the load may have been affected by some 
recovery in the metal, or the determination of the 
effective strain for rectangular specimens according to 
eq 2 of the authors’ paper may have given questionable 
results. In view of the results we have obtained, I 
believe that true stress-strain data for copper and 
many other metals do not necessarily confirm a para- 
bolic true stress-strain relation of the type S = ke”, 
and that the slope of the straight lines obtained by the 
authors may not represent accurately a true strain- 
hardening coefficient. 

C. S. Barrett—These results, like those of Brick, 
Martin, and Angier, show the unusual position of Cu- 
Si alloys among the copper-rich solid solutions and 
suggest that stacking faults may be involved. If this 
is the case, one would expect alloys containing 9 to 12 
atomic pct silicon to be even more anomalous than the 
ones studied here, for the tendency to faulting in- 
creases rapidly in this range of compositions.® 


8C. S. Barrett: Trans. AIME 188, 123; Journal of Metals (Jan. 
1950) TP 2754E. 


Electrical Resistivity and Thermoelectric Power of Antimony-Selenium Alloys 


by B. D. Cullity, M. Telkes, and J. T. Norton 


DISCUSSION, B. W. Gonser presiding 


M. Balicki—As one who some years ago spent much 
time searching for an alloy with high thermoelectric 
power that would be suitable for heat energy-electric 
energy converter based on the principle of a thermo- 
electric pile, I would like to make a few comments 
touching upon that aspect of this excellent paper. The 
specifications which one of the authors has formulated 
so aptly do not appear to me as complete, and I would 
like to add to them the following two demands: (1) 
Melting point not less than 500°C and (2) elongation 
on 2 in. at least 5 pct. Condition 1 would insure good 
thermodynamic efficiency of the pile by permitting a 
reasonably high temperature of the hot junction and 
at the same time making it suitable for such applica- 
tion as salvage of vast amounts of energy which is lost 
- in the form of sensible heat of waste gas leaving in- 
dustrial and other furnaces. Condition 2 is:also a very 
important one; particularly, because of the fact that 
all elements and alloys which exhibit attractive 
thermoelectric properties seem to be as a rule very 
brittle. The design, erection, and maintenance of a 
pile incorporating a brittle material in one of the most 
crucial parts of the converter would be a very diffi- 
cult and costly affair indeed. 


To illustrate this point I may mention great diffi- 


culties I encountered when trying to make thermo- 
couples of silicon. Casting of %4-in. rods in iron or 
graphite mould yielded only broken pieces which had 
to be welded into a bar. Such a bar had to be handled 
very carefully during the determinations. Raising the 
molten silicon by vacuum into a silica tube and solid- 
ifying it there solved the problem of stability as well 
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as that of electrical insulation of a bar. On tests this 
bar (98.5 pct Si) showed dE/dT = — 275.5 microvolts 
per degree C vs. copper. Thermocouples made of this 
grade of silicon and pure nickel developed 0.39 v when 
temperature of the hot junction was approximately 
1000°C. The possibility Dr. Gonser has mentioned of 
trying to impart to metals good thermoelectric proper- 
ties by alloying them with silicon, has been considered. 
The preliminary survey which I have made was, how- 
ever, disappointing. Perhaps, it will be advisable to 
record the results obtained (table VI), as this might 
save repetition of search in fields already covered. 


Table VI. Thermoelectric Power (Relative to Copper) 
of Some Binary and Ternary Alloys of Plastic Metals 
with Silicon in As-Cast Condition 


dE/dT dE/dT 


Crucible (Relative to Crucible (Relative to 
Charge, Copper), Charge, Copper), 
Compo- Microvolts Compo- Microvolts 
sition, Pct per Degree sition, Pct per Degree 
Fe-100; Si-0 + 7.54 Ni-100; Si-0 —22.9 
Fe-98; Si-2 — 9.22 Ni-98; Si-2 —18.9 
Fe-96; Si-4 — 8.60 Ni-94; Si-6 —15.0 
Fe-94; Si-6 —11.08 Ni-90; Si-10 — 8.68 
Fe-92; Si-8 —10.27 Ni-80; Si-20* —14.6 
Fe-90; Si-10* — 6.46 Co-54.5; Si-45.5* — 2.44 
Fe-85; Si-15* + 0.49 Sb-100; Si-0* +37.1 
Fe-79; Si-21* + 4.99 Sb-?; Si-?* +18.3 
(evaporation) 
Cu-100; Si-0 0.00 Mn-98; Si-2* — 4.01 
Cu-98;Si-2 — 1.69 Mn-96; Si-4* — 2.91 
Cu-96; Si-4 — 1,25 Mn-88; Si-12* +11.02 
Cu-94; Si-6 — 0.82 Cu-87.3; Si-6.5; Mn-6.4 — 1.96 
Cu-94; Si-6 — 0.91 Cu-83.7; Si-7.6; Co-9.4 — 3.04 
quenched 
Cu-92; Si-3 — 6.29 Cu-77.8; Si-4.2; Ni-18.0 — 4,41 
Cu-90; Si-10 — 3.72 Cu-42.9; Si-28.4; Ni-28.7 — 1.31 
Ag-90; Si-10 — 1.95 Cu-39.0; Ni-59.0; Co-2.0 —34.3 
Ag-60; Si-40 — 0.85 Cu-58.0; Ni-38.0; Co-4.0 —28.3 
Cu-54.0; Ni-36.0; Mn-10.0 —18.0 


* Alloy very brittle. 
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A system related to the one the authors have in- 
vestigated, namely Sb-Cd, has also been surveyed. As 
in the author’s case, the antimony side of the system, 
from the thermoelectric properties point of view, is 
uninteresting up to the composition approximately 50 
pet of cadmium. Compositions in the vicinity of the 
composition corresponding to Cd-Sb compound exhibit 
high thermoelectric power, that seemingly depends 
upon the conditions of cooling, which in turn influence 
the formation of Cd,Sb,. Here again all the interesting 
alloys (with dE/dT greater than 200 microvolts per 
degree) were exceedingly brittle and had to be 
vacuum-cast into pyrex tubes to permit a safe handling. 
The data obtained during this exploratory work are 
quoted in table VII. 

B. D. Cullity, M. Telkes, and J. T. Norton (authors’ 
reply)—We are very glad to receive Dr. Balicki’s dis- 
cussion, particularly as it includes some original data 
on the thermoelectric power of alloys. Regarding the 
criteria to be used in selecting an alloy for use in a 
thermoelectric generator, we feel that those mentioned 
’ in the paper are of primary importance inasmuch as 
the properties involved determine the thermoelectric 
efficiency. Besides having the proper electrical and 
thermal properties, an alloy should have, as Dr. Balicki 
states, a reasonably high melting point and good duc- 


Table VII. Thermoelectric Power of Certain Sb-Cd 
Alloys in As-Cast Condition 


Antimony in dE/aT 


Crucible Charge, (Relative to Copper), 
Pct Microvolts per Degree 
100 + 37.10 

40 + 5.53 
45 + 6.10 
46.6 + 4.90 
48.4 + 9.50 
50.0 + 21.40 
51.7 +145.00 
53.4 +185.0 
55.0 +155.0 
50-55* +248.0 
50-55* +257.0 
50-55* +520.0 
55.7 +129.0 


* Compositions uncertain due to losses on re-melting, different 
solidification rates employed. 


tility. Still other desiderata that might be added are 
stability at the operating temperature and low cost. 

The thermoelectric power data presented by Dr. 
Balicki are indeed welcome. It would be interesting 
to know the electrical resistivity of the silicon used 
and of the cadmium-antimony alloys, since both ma- 
terials possess thermoelectric powers in the right range 
for use in generators. 


Effects of Three Interstitial Solutes (Nitrogen, Oxygen, and Carbon) on the Mechanical 
Properties of High-purity, Alpha Titanium 


by W. L. Finlay and J. A. Snyder 


DISCUSSION, B. W. Gonser presiding 


G. Edmunds—Solid solubility is considered to be of 
either the interstitial or the substitutional type. Is it 
possible, in a binary alloy as the simplest case, that 
some of the solute atoms are present in the normal 
lattice sites (substitutionally or filling lattice vacan- 
cies) while simultaneously others are in interstitial 
positions? One might even ask whether a distribution 
of the two types may be the normal situation. 

H. M. Meyer—Metastable states of interstitial atoms 
occupying vacant lattice sites possibly occur as well as 
of substitutional atoms squeezed in between regular 
matrix positions. However (as we know since Hume- 
Rothery), the solute atoms choose between the two 
kinds of solutions; consequently, every solute will be 
unequivocally either substitutional or interstitial in the 
equilibrium state of the solid solution. 

M. Balicki—In view of the fact that the authors ap- 
parently correlate the analysis of the alloys at the 
ingot stage with the properties exhibited at the testing 
stage, I would like to ask whether this is a fully justi- 
fiable procedure. In other words, how good are their 
determinations of solute concentration for correlating 
them with the mechanical properties. The answer to 
this question may explain some of the divergencies. 
Assuming good enough homogenization of the samples 
and exact determination of mechanical properties the 
position of the plotted experimental points will depend 
solely upon the accuracy of composition determination. 
If this is not accurate, say due to loss or pickup of 
elements during processing from the ingot to the test- 
ing stage, or due to a systematic error in the method 
employed for obtaining solute concentration data, the 
points will deviate from their true position and may 
align themselves along a different curve than the one 
expected. 


G. EDMUNDS, American Brake Shoe Co., Mahwah, 
N. J.; H. M. MEYER, Newark, N. J.; M. BALICKI, 
Polytechnic Institute of Brooklyn, Brooklyn, N. Y.; H. 
V. KINSEY, Canadian Department of Mines and Tech- 
nical Surveys, Ottawa, Ont., Canada. 


H. V. Kinsey—We have been studying the creep- 
rupture properties of titanium-base alloys at 1000°F. 
In the course of this work, anomalies in behavior of 
the alloys that would suggest that the material under 
test was becoming stronger as the test progressed have 
been observed. If this was so, the most likely explana- 
tion that we could think of was that the test bars were 
absorbing oxygen and nitrogen from the air during 
the test and were thereby becoming strengthened. 

In an attempt to determine the strengthening effect 
of absorbed oxygen and nitrogen the following experi- 
ment was conducted. 

A length of cold-rolled titanium was supplied by the 
E. I. du Pont Co. Two test bars, having a %4 in. diam 
gauge length, were prepared from this material. One 
bar was tested in the as-received condition. The sec- 
ond bar was heated in air at 1550°F for 100 hr and sub- 
sequently air cooled prior to testing. A testing tem- 
perature of 1000°F was employed. The results of these 
tests are tabulated in table II. 


Table II. Results of Tests on Cold-Rolled Titanium 


ae Total 
Condition Hr to Total Reduc- 
of Hr at Hr at Hr to 4 Pct Elon-  tionin 
Test Bar 7000 8550 Frac- Creep gation, Area, 
Material psi psi ture Stress Pet Pet 
As-received 235 235 95 26 84.3 
Heat-treated 667 187 854 650s 23 71.8 


In the author’s opinion, is it reasonable to assume 
that the bar that was exposed to air at 1550°F for 100 
hr was stronger because it absorbed oxygen and nitro- 
gen from the air during this heat treatment? 

W. L. Finlay (authors’ reply )—Direct experimental 
evidence for or against Mr. Edmunds’ interesting sug- 
gestion will probably never be available. It seems pos- 
sible, however, that mixed interstitial-substitutional 
solid solution might well occur with interstitial ele- 
ments. The less likely possibility of interstitial solu- 
tion of a normally substitutional element like copper 
in aluminum was recently discussed at length by the 
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Table III. Parameter-Composition Data 


Vickers 
Wt, Pct do Co Ca canes 
Carbon 0.0 2.9504 4.6834 1.5873 103 
0.1 2.9517 4.6883 1.5884 141 
0.2 2.9530 4.6932 1.5894 153 
Oxygen 0.0 2.9504 4.6834 1.5873 103 
0.055 2.9504 4.6843 1.5876 150 
0.105 2.9504 4.6852 1.5879 175 
0.19 2.9504 4.6868 1.5884 207 
Nitrogen 0.0 2.9504 4.6834 1.5873 103 
0.05 2.9505 4.6845 1.5876 165 
0.10 2.9506 4.6856 1.5880 195 
0.15 2.9507 4.6867 1.5883 215 


British Institute of Metals.“ The negative view pre- 
vailed, but the disposition of the matter was not com- 
pletely conclusive. 

The important point raised by. Dr. Balicki is dis- 
cussed in the “Analysis of Chemical Composition” sec- 
tion of the paper, pages 281-282. 

Mr. Kinsey’s assumption that 100-hr air exposure at 
1550°F of a % in. diam test bar would strengthen it 
by the absorption of oxygen and nitrogen is indeed 
reasonable. 

Parameter-composition data is given in table III. 


16 iy Rohner: Discussion on A Theory of the Age-Hardening of 
Aluminum-Copper Alloys, Based on Vacant Lattice Sites. Journal 
Institute of Metals. (1947) 73, 768-785. 


A Preliminary Investigation of the Zirconium-Beryllium System by Powder Metallurgy Methods 


by H. H. Hausner and H. S. Kalish 


DISCUSSION, S. Tour presiding 


M. Hansen—This paper certainly is an interesting 
study. Although I have not had too much experience 
in the powder metallurgical methods of studying phase 
equilibria, I would like to say the following concerning 
the interpretations of the results obtained: 

1. The existence of a zirconium-rich eutectic having 
a melting point close to 950°C and containing approxi- 
mately 5 pct beryllium is well established. 

2. Undoubtedly sintering of the original compacts 
(ie., without repressing and resintering at 1350°C) 
resulted in a condition being far from equilibrium, 
even in the low-melting point zircon-rich region where 
undissolved zirconium particles have been observed. 
This means that only partial reaction between the 
component powders has taken place. 

3. In preparing and handling powder mixtures for 
pressing and sintering, we have found that with pow- 
ders differing considerably in density, and also in 
particle size, separation in layers of different composi- 
tion may occur. This means that a concentration 
gradient would exist within such samples. This phe- 
nomenon may, at least to some extent, account for the 
difference in microstructure of the top and bottom re- 
gions of some of the sintered samples. If this is the 
case, density figures for some of the nominal composi- 
tions would not represent actual densities of those 
mixtures. 

4. Fig. 1 shows that the low densities of mixtures 
with 40 and 60 pct beryllium sintered at 1350°C are 
changed to much higher densities if the products sin- 
tered at 1100°C are repressed and resintered at 1350°C, 
whereby an approach toward equilibrium takes place. 
This would mean that the low density and growth in 
— volume is due to nonequilibrium conditions. If this is 
true, would it be justified, then, to conclude that “the 
remarkable growth of the alloys in the vicinity of 40 
to 60 pct Be indicates the formation of a high-melting 
point phase, probably accompanied by a consider- 
~ able change in volume due to a large alteration of 
the crystal structure from that of the original com- 
pounds’? If some compound formation has taken place 
already during the first sintering at 950° to 1350°C, 
more compound would be formed by repressing and re- 
sintering of the 1100° samples. This treatment, how- 
ever, results in higher, rather than lower, densities. 
In general, the density-composition curve of alloy 
systems containing one or more intermediate phases is 
characterized by a more or less defined contraction 
(decrease in specific volume, increase in density) over 
the “theoretical” density. Does not discrepancy exist 
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between the two statements that “growth of the alloy 
indicates the formation of a high-melting phase. . .” 
and “even at 1350°C, no indications of sintering have 
been observed”? 

5. I am not sure that the explanation given for the 
fact that fig. 4 did not reveal as much eutectic as the 
top portions of the mixture with 2 pct Be, is correct. 
The density of the melt containing only 5 pct Be or 
even perhaps less, is not too much different from that 
of the nominal composition. The reason might be also 
that there was already some separation of the com- 
ponents in the pressed compact. 

6. I do not understand why the microstructure of 
the bottom regions of the compact with 5 pct Be (fig. 
6) is so different from that of the top regions (fig. 5). 
The compact was melted on sintering at 1100°C. Its 
composition lies close to the eutectic point. There 
should be at least some lamellar structure in the bot- 
tom regions too; otherwise, the composition of top and 
bottom must have been very different after sintering, 
because the eutectic is said to extend as far as the 
composition ZrBe,. In case the white and gray areas 
of fig. 6 are both gamma, and the black areas undis- 
solved zirconium, this composition would be close to 
the phase coexisting with zirconium, that is, ZrBe., 
according to the hypothetical diagram, or a compound 
richer in zirconium. 

7. Figs. 9 and 10 are not mentioned in the text. 

8. The great difference in microstructure of the 
composition 20 pct Be of figs. 8 and 14 on one side and 
fig. 15 on the other side proves that sintering at 950° 
and 1100°C results only in partial reaction of the 
powers. 

9. The mixture with 60 pct Be (fig. 19) seems to 
consist of two phases, rather than one phase, one in- 
terspersed in a matrix of another. 

10. The statement that the eta phase “may be an 
intermetallic compound or the product of a peritectic 
or monotectic reaction” seems to be misleading, because 
the product of a peritectic or monotectic reaction in 
this region of the system must be an intermetallic 
compound. 

11. If there is some solid solubility of Be in alpha 
and beta-Zr, it would be expected to be higher in 
beta-Zr (b.c.c.) than in alpha-Zr (h.c.p.). The tem- 
perature of the polymorphic transformation of zir- 
conium then would be lowered, rather than increased. 
In accordance with this, Battelle has found that the 
transformation point of titanium is decreased by 
beryllium. 

12. In case the phases present in alloys with 80, 90, 
and 95 pct Be are identical (which appears to be cor- 
rect), it is striking that the relative amounts of both 
phases (eta and beryllium) are not too different within 
this wide range of composition. With 60 to 65 pct Be 
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Fig. 25—Portion 
of Zr-Be diagram. 


for the eta phase, the relative amounts of the eta phase 
in these alloys should be, roughly, 50, 30, and 15 pct, 
respectively. Using figs. 20 to 23 to determine the 
compound existing with beryllium by means of the 
lever rule gives inconclusive results; the composition 
of the eta phase, then, may vary between less than 60 
and more than 80 wt pct Be. ; 

13. As far as the proposed provisional phase dia- 
gram is concerned, it appears particularly interesting 
in addition to the beryllium-rich compound ZrBe, 
(66.7 atomic pct Be), there are three other intermediate 
phases richer in beryllium, of which the delta phase is 
shown to have a composition corresponding to the 
formula ZrBe, (80 atomic pet Be). The lattice struc- 
tures of the other two phases, epsilon and eta, would be 
based on rather unusual compositions, i.e., between 
about 86 and 95 pct Be. 

14. I was very interested in the method used to 
transform highly ductile zirconium into fine .powder 
by converting it into hydride, etc. 

H. S. Kalish (authors’ reply)—I wish to thank Dr. 
Hansen for his careful examination of this paper and 
the valuable discussion he has afforded us. I shall 
attempt to answer each point in order. 

1. The existence of a zirconium-rich eutectic was 
known to us by hearsay, but we could not find any 
published record of this work. If this information is in 
the literature, we should appreciate knowing the 
source. 

2. While equilibrium may not have been attained 

throughout the samples in all cases the structures 
were very close to equilibrium. Beryllium apparently 
diffuses rapidly in zirconium so that the powder metal- 
lurgy approach wherein melting need not occur is 
favorable. This fact is clarified in table II where X-ray 
data are shown. Even sintering for 2 hr at 1100°C 
resulted in a structure free from zirconium when 80 
pet Zr, or less, was present. At higher zirconium com- 
positions we would expect the alpha phase of zirconium 
to be present as it is. Sintering at higher temperatures 
and for longer times seemed to have little effect on 
equilibrium, showing that a structure close to equilib- 
rium had been attained. The reaction then was nearly 
complete, but, when the concentration gradient be- 
comes small, final equilibrium cannot be attained in 
any practical length of time. Such small deviation 
from equilibrium, however, would not cause any gross 
movements in the preliminary phase diagram. 
_ 3. The powders were blended and pressed in a way 
that was found to give a good mixture. Furthermore 
the samples were relatively thin. Only where some 
melting occurred was a difference in microstructure 
apparent from top to bottom. In no case do we intend 
to imply that the density figures are those of the 
actual equilibrium composition. Frequently the sin- 
tered compact was extremely porous and the densities 
shown in table I and fig. 1 are actual gross density of 
the sintered compact. The upper solid line in fig. 1 
represents the theoretical density based on a mixture 
of the two metals. 

4. It has been frequently shown that heating a mix- 
ture of metal powders results in a large volume in- 
crease. Dr. Duwez illustrated this point nicely in Au- 
Cu at the Powder Metallurgy Symposium sponsored by 
Sylvania last summer. When the alloy is first forming, 
beryllium diffuses into the zirconium and two things 


occur which can increase the volume: (1) The re- 
sultant Be-Zr phase formed is of greater volume than 
that occupied by the zirconium and growth occurs in 
this region. (2) Pores are left where the beryllium 
had been, separating the alloy particles, and thus mak- 
ing it unfavorable for subsequent diffusion of the alloy 
and coincident densification. The alloy particles may 
in themselves be more dense than the mixture, but 
gross density of the compacts were measured, and this 
shows a low density. On reheating the pressed alloy 
powder at a higher temperature further alloy forma- 
tion is very limited. In fact the original beryllium and 
zirconium are gone prior to this operation and only a 
closer approach to equilibrium occurs. Even so sin- 
tering was poor because the diffusion rate must be 
low in the alloy mixture and only the earliest stages 
of sintering have occurred. Thus the melting point 
of this alloy must be well above 1350°C. There is no 
discrepancy in the two statements “growth of the alloy 
indicates formation of a high melting phase. . .” and 
“even at 1350°C, no indications of sintering have been 
observed.” The term “sintering” was here used to 
connote a gross densification and coincident shrinkage 
of pores. The high-melting point phase formed by dif- 
fusion in the solid state alone. Sintering did not occur 
because the resultant compact from such treatment 
was even more friable and less dense (gross density) 
than in the pressed state. 

5. The mixing was such, as explained in point 2, 
that no gross separation could have occurred prior to 
sintering. No other explanation than the one given for 
this structural difference from top to bottom of the 
sample seems plausible. 

6. We do not believe that the composition from top 
to bottom is much different, but that the bottom por- 
tions are more like a 3 or 4 pct Be composition and the 
top portions perhaps like a 6 or 7 pct Be composition. 
The sample may not have been completely molten and 
more solid zirconium particles tended to remain in the 
bottom of the mushy sample. 

7. Figs. 9 and 10 were included to show the basic 
zirconium and beryllium structures. It is difficult to 
see the eta phase which should be present in fig. 10 
and this micrograph looks very much like sintered 
beryllium. 

8. Referring to the 20 pct Be composition, it is true 
that the reaction appears to be partial, but the micro- 
structures do not tell the entire story. The compacts 
were friable after heating at the lower temperature and 
these microstructures are difficult to interpret. The 
partial melting which occurred at 1350°C gave us a 
more dense compact from which we could get a good 
microstructure, but the X-ray evidence, table II, shows 
that there is no difference between heating at 1100° 
or 1350°C in the phases present. The samples only look 
different because one is solid while the other consists 
of a rather friable powder. 

9. Many large pores, voids, and cracks are visible 
in the 60 pct Be mixture. In fig. 19 some of these may 
appear to be a second phase, but closer examination 
under the microscope clearly reveals this as a single- 
phase structure with many tiny cracks throughout the 
matrix. 

10. More precisely our statement should have been 
that the eta phase is probably an intermetallic com- 
pound, and the product of a peritectic or monotectic 
reaction. 

11. The reasoning that the beta-to-alpha trans- 
formation should be lowered seems good. It is, then, 
probably better to assume a eutectic reaction with 
beta > alpha + gamma (fig. 25). 

12. The apparent difference in the amount of eta 
phase seen in the micrographs and that expected from 
the lever rule may in part be explained by the large 
difference in density of the two components. The 
density of Be is 1.85 g per cm*. A 40 pct Zr-60 pet Be 
mixture pressed, heated 2 hr at 1100°C, powdered, 
pressed, and sintered 4 hr at 1350°C had a density of 
2.31. This sample contained many voids and it may be 
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assumed that the true density of such a composition is 
even higher. The volume percent (which corresponds 
to area percent on a random cut) is thus considerably 
less than the weight percent expected. Thus amounts 
of eta phase seen in micrographs of 80, 90 and 95 pet 
Be should be perhaps about 30, 20 and 10 pet, or even 
less, of the total area. The eta phase may, however, 
vary in composition even more than is shown in the 
hypothetical phase diagram. 

iE should like to thank Dr. Hansen again for the 
splendid discussion he has prepared. He has brought 
out many interesting concepts some of which we were 
not entirely aware. Such discussion helps to clarify 
many points which are not immediately clear in a 
preliminary work and should benefit those who in- 
vestigate this system more thoroughly in the future. 


Cemented Titanium Carbide 
by J. C. Redmond and E. N. Smith 


DISCUSSION, S. Tour presiding 


S. J. Sindeband—I should like to ask a number of 
questions with regard to this excellent and informa- 
tive paper: 

The method for determining the compressive strength 
of the specimens is apparently one communicated pri- 
vately by Dr. Bridgman. I wonder if it would be pos- 
sible for the authors to indicate some of the details of 
this method. 

In the apparatus for measuring the hot transverse 
rupture properties, what material was used in the % 
in. cylinders and the 10 mm ball? 

In table II, the relative degree of corrosion of various 
titanium carbide compositions was shown. However, 
in the text which follows the discussion of table II, it 
was indicated that the variety of supports employed 
affected the rates of corrosion observed for many com- 
positions. What kind of supports were used for the 
specimens described in table II? From the data shown 
graphically in fig. 4, one might expect that carbon 
supports were used. If this was not the case, and 
ceramic supports were used, table II would seem to 
contradict fig. 4. In addition, the same question is ad- 
vanced regarding table III, where the results of the 
210-hr oxidation test are given. Once again, I wonder 
what variety of supports were employed. 

Since the measurement of corrosion was one of 
thickness increase and not of gain in weight, the varia- 
tion in performance of carbon supports and ceramic 
supports could not be due to reactions at the point of 
contact. I wonder if any study was made of the atmos- 
phere composition prevailing in the unsealed muffle 


- for each of these conditions. 


I was interested to note the comparison between 
milling with WC balls and steel balls, and wonder, if 
3 pct W was picked up in the first case, what the 
quantitative amount of iron was where the steel balls 
were employed. The transverse rupture stress obtained 
for the compositions reported upon compares very 
favorably with previous data on TiC compositions, and 
I wonder if the author would care to make any com- 
ment to indicate to what he attributes the improve- 
ments. 

-C. G. Goetzel—The authors are to be congratulated 
for the performance of this excellent piece of metal- 
lurgical research, and, what appears almost more com- 
mendable, for their frank and detailed discussion of 
procedures used and results obtained. This work may 
well be considered a milestone in the development of 
new and better materials of construction, especially 
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as they relate to applications involving operation at 
very high temperatures. Titanium carbide, by virtue 
of its so interesting combination of physical and chemi- 
cal properties, appears destined to play an important, 
if not dominant, role in this new materials progress. 

Of particular interest appear the results connected 
with the multicarbide compositions containing the 
CbC-TaC-TiC solid solution. The authors mention that 
this solid solution was made by the McKenna “men- ~ 
struum” process. Were any tests made with solid solu- 
tion carbides of the same composition that were pre- 
pared by other, i.e., more conventional methods, such 
as diffusion treatment of mixtures of the carbide com- 
ponents, or the joint carburization of mixtures of the 
component oxides? It would be interesting to note 
whether a similar improvement in the high-tempera- 
ture oxidation resistance would result, and whether 
this, too, would be accompanied by a sacrifice in trans- 
verse rupture strength of over 20 pct at 1800°F, as 
compared with the plain TiC-base compositions. In 
this connection, it is worthwhile noting that a relation 
between transverse rupture and stress rupture strength 
for the cemented titanium carbides is still missing, and 
final conclusions as to the high-temperature strength 
characteristics of the material must be reserved. 

The procedure selected by the authors for establish- 
ing the resistance to high-temperature oxidation is 
novel and requires checking against other methods 
conventionally used in high-temperature materials 
work. Since the increase in thickness is a function of 
the material composition, the results obtained by such 
measurements appear not strictly comparable for dif- 
ferent compositions. It would be helpful for a full 
evaluation of the test results if comparison data were 
given for the change in weight reduced to the exposed 
surface area, possibly both, for exposure to still air 
and to an air stream at the test temperature. The re- 
duction in strength of the test specimen after expo- 
sure appears to be a good indication of the order of 
impairment caused by oxidation, but leaves open the 
question of the extent of deterioration of the apparently 
healthy core, e.g., by diffusion of the oxygen along the 
grain boundaries. The method employed by National 
Advisory Committee for Aeronautics“ of grinding off 
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the oxide layers on two opposite parallel faces and 
measuring microscopically the thickness of the re- 
maining unimpaired cross-section appears to be a more 
direct approach to the problem. 

The authors’ description of the microstructure is not 
clear to the writer. A comparison of fig. 10 with fig. 9 
does not only fail to show a larger grain size of the 
material containing CbC and TaC, but actually gives 
the impression of the reverse effect. The statement 
that there appears to be no significant change in struc- 
ture after 210-hr exposure at 1800°F is not borne out 
by the two micrographs of figs. 10 and 11, which show 
a very marked contrast indeed. Fig. 11 indicates, at 
least in the writer’s mind, a noticeably progressed 
deterioration of the binder phase, and possibly also of 
the surface areas of the carbide grains. 


J. C. Redmond and E. N. Smith (authors’ reply)—In 
reply to Dr. Sindeband’s questions, the important fea- 
ture of the method of Bridgman used for determining 
the compressive strength, lies in the use of a special 
fixture to assure alignment. A % in. diam x % in. high 
specimen is used. The anvils between which the speci- 
men is crushed are of cemented tungsten carbide sup- 
ported by shrunk on heat-treated high-speed steel 
bands. Heat-treated high-speed steel rams apply the 
testing machine force to the anvils. The anvil and ram 
pieces are lapped to fit into a heat-treated outer steel 
sleeve. Centering washers are used to keep the speci- 
men in the center of the anvils. We have also found 
that thin copper shims used between the ends of the 
specimens and the anvils eliminate spalling. 

The cylinders and the ball used for the hot trans- 
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verse rupture test apparatus were of cemented titanium 
carbide. 

With regard to the type of supports used in the 
various oxidation tests, it does not appear to us that 
there is any contradiction between table II and fig. 4, 
although as a matter of fact carbon supports were 
used in the 18 hr tests. It should be noted that TaC 
does not behave quite the same as the combination. 
In the 210 hr tests, ceramic supports were used, and 
there is some inconsistency. However, the results still 
demonstrate the marked superiority of the composi- 
tions containing columbium and tantalum over those 
using only TiC and an auxiliary metal. 

No analyses of the muffle atmosphere were made. 

The iron pickup amounted to only 2 to 3 pect when 
steel balls were used, and this we did not consider 
significant in view of the fairly high strengths attain- 
able with iron alone. 

With regard to the reasons for the improved trans- 
verse rupture strength, one important factor is un- 
doubtedly the titanium carbide which was used. The 
methods of making the titanium carbide employed in 
compositions reported in the past undoubtedly pro- 
duced a carbide containing more or less free carbon 
and other impurities. Improved processes have been 
developed for making the carbides and for all steps 
of producing the compositions. 

In reply to Dr. Goetzel’s question no compositions 
containing titanium, columbium, and tantalum car- 
bides have been made starting with the three indi- 
vidual carbides. Provided all three of the carbides 
were available in pure form we do not believe the 
results would be appreciably different than when using 
the three-carbide solid solution. 

No entirely satisfactory method for measuring rate 
of oxidation of these materials is available, as dis- 
cussed in the paper. The measurement of the increase 
in weight is subject to the same difficulties of effect of 
variation in composition as is the measurement of the 
thickness increase. Methods based on the removal of 


the coating are subject to difficulties especially when 
very thin coatings are involved. 

There is a tendency toward larger grain size of the 
compositions containing .columbium and tantalum, 
which in part answers Dr. Goetzel’s question with re- 
gard to figs. 9 and 10. The larger grain size does exist 
and is best observed by examining many specimens. 

There is evidence of deterioration of the auxiliary 
metal phase in fig. 11 as mentioned by Dr. Goetzel, 
but the skeleton appears intact and the grain size has 
not increased. Recent work has indicated the strengths 
do not decrease with the changes observed. 

Stress-rupture tests are desirable and preliminary 
values have been recently obtained. They indicate far 
greater life at 1800°F than for alloys. Final results will 
not be available for some time. 


The Elastic Coefficients of Single Crystals 
of Alpha Brass 


by R. W. Fenn, Jr., W. R. Hibbard, Jr., and H. A. Lepper, Jr. 


DISCUSSION, R. Smoluchowski presiding 


H. E. Stauss—The authors have chosen to measure 
the elastic properties by a “static” method. Such a 
method gives elastic constants that on the average for 
most metals are about 10 pct less than values obtained 
by “dynamic” means. Which type of value would the 
authors consider more correct? 

R. W. Fenn, Jr. (authors’ reply)—-The authors were 
unaware of the discrepancies Dr. Stauss speaks of. It 
is hoped that he will publish any new data he has in 
the near future. In general, greater accuracy is avail- 
able from the dynamic methods. For details see Hear- 
mon.° 


H. E. STAUSS, Naval Research Laboratory, Wash- 
ington, D. C. 


Behavior of Pores during the Sintering of Copper Compacts 


by F. N. Rhines, C. E. Birchenall, and L. A. Hughes 


DISCUSSION, J. C. Redmond presiding 


A. J. Shaler—I should like to congratulate the authors 
on the presentation of this paper, which we have been 
awaiting a long time. 

The view they have taken of the sintering process, 
namely that voids are comparable to particles of a 
second phase capable of dissolving to a slight extent 
in the metal phase, is an interesting but dangerous one. 
Pines has given a first-order solution of the problem 
and has predicted a decrease in the concentration of 
pores near the surface. The authors of the present 
paper have experimentally demonstrated the second- 
order effects, that is, the diffusion of the space phase 
between voids of different sizes, and also the move- 
ment of atoms from highly curved parts of a void to 
less curved regions of the same void. I have recently 
calculated the rate of vapor-phase transport within 
odd-shaped pores in copper at 850°C and found that 
probably at that temperature volume flow is the more 
rapid shape-changing mechanism. The authors of the 
present paper have found that at 1000°C, vapor-phase 
transport is dominant. There is no disagreement here, 
I think. The dominant phenomenon can easily be dif- 
ferent in different temperature ranges and with dif- 
ferent pore shapes: I used a cylinder going to a sphere, 
not a tricuspid going to a “triple cuspidor.” 


A. J. SHALER, Massachusetts Institute of Technol- 
ogy, Cambridge, Mass. 


But there is some danger in the other part of the 
explanation, that is, in the study of the diffusion of 
vacancies from a pore to its neighbors and to the out- 
side. A vacancy is very different in dimension from 
an atom. When it moves, it carries a field of elastic 
strain. This has to be taken into account. A concentra- 
tion gradient of vacancies can cause them to diffuse. 
But in the absence of such a gradient, they can be 
made to diffuse by a field of stress. 

What happens in some of our experiments, and it is 
most noticeable in the shrinkage of synthetic cylindri- 


_¢al pores, like the tubes we have been working with, 


may be broken down into the following steps. (1) The 
presence of a surface establishes a vacancy concentra- 

tion gradient, as Dr. Kuczynski and the present authors — 
have shown. (2) Vacancies then diffuse in order to 
decrease this gradient. (3) In so doing, they cause an 
elastic field to be built up in such a direction as to 
oppose the diffusion, so that it slows down until it 
reaches a steady-state rate. (4) The steady-state flow 
is due to the fact that the surface tension acting on 
curved surfaces applies a stress to the system which 
itself mechanically causes vacancy diffusion. What I 
have said is that the diffusive types of flow of the 
authors and of Dr. Kuczynski are transient phenomena 
which soon stop if the pores are large. We are then 
left with a mechanical problem only, and our researches 
have not yet disclosed just what the mechanism of 
flow is; it may be a slip process, or it may take place 
by a vacancy diffusion of the type Nabarro has de- 
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scribed. It appears to be a viscous flow in the sense 
that the strain-rate is proportional to the stress. In any 
case, it is a mechanical problem. 


G. C. Kuezynski—The authors in choosing for this 
work powders with particles of irregular shape and 
wide size distribution should have realized in advance, 
I believe, that their experimental findings would be 
very difficult to check with any theory because of 
necessary approximations which must be made in de- 
veloping a theory to fit the complicated geometry. 
Knowing as little about the mechanism of densification 
as we presently know it would be advisable to keep as 
many variables as possible constant during the experi- 
ment. An ideal solution should be to establish the rela- 
aes between the radius of uniform sized pores and 
ime. 

The whole weight of the experimental work pre- 
sented here seems to be concentrated upon the con- 
struction of the space diagram showing the population 
distribution of pores of various sizes as a function of 
time at given temperature. We know, of course, that 


-if we can make a correct count of the population dis- 


tribution of pores of different sizes in a compact, we 
can very simply calculate the total pore volume and 
hence the compact density. If the densities calculated 
from the pore count do not agree with the measured 
densities, obviously we must consider the counts in 
error and can therefore base no further conclusions 
upon such counts. The comparison of the measured 
and computed densities in table VI shows clearly that 
the counts cannot be adequate as the densities calcu- 


‘lated from them hardly change with time. 


It is obvious that the discrepancies revealed in table 
VI invalidate the space diagram in fig. 8, which is the 
core of the work. 

With the greatest interest I read that the authors 


-observed a completely densified layer on the surface. 


I should be very indebted to them if they could give 
some more information about it, such as its thickness 
as a function of time and temperature. If this informa- 
tion was available, it would be possible to attempt to 
evaluate the self-diffusion coefficient and throw some 
light upon the mechanism of densification. 

Passing now to the theoretical part I should like to 
mention that the first to propose the diffusion theory 
of densification of the powder compounds was Pines. 
His paper- was published in Russian and has been 
available in English translation since 1946.” Treating 
the voids as sources, Pines was able to solve the La- 
place equation with source intensities and obtain the 
expression for shrinkage of the compacts in terms of 
diffusion coefficient. He also predicted that in certain 
cases, namely when the specimens are too big, the 
sintering is not uniform but first takes place on the 
surface. 

It is, however, not altogether certain that a diffu- 
sion mechanism can account for the shrinkage of the 
compact in the observed short period of time. A simple 


- calculation shows that if the excess concentration of 


vacancies in Cu at 1000°C is produced by pores of 1 
micron radius and diffusion has to take place over a 
path of 1 mm then the decrease of linear dimensions 
due to volume diffusion will only be 3x10~ cm per day, 
which falls far below the observed rates. Moreover 
the sintering rate would be a function of the shape 
and size of the compact. It is true that we do not have 
enough experimental evidence to accept or refute even 
this statement, but it does not seem likely. 

Mackenzie and Shuttleworth* maintain that the 
densification mechanism is that of plastic flow. The 
present investigation does not offer any clear-cut solu- 
tion, because all the observations reported by the 
authors may fit into plastic flow as well as diffusion 
theory. The question what mechanism is responsible 


Sees See oes 
17 Pines: Sci. Pub. Ukrain. Phys. Tech. Inst. of State Univ. Jan. 


15, 1946. ; 
18 Mackenzie and Shuttleworth: Proceedings. Physics Society. 
(London) (Nov. 1949). 


for the densification of powder compacts is still left 
open. 

It seems to me that in order to decide this question 
a very simplified experiment would have to be per- 
formed before we can tackle with any sense, the 
analytically difficult problem of powder compact. 

Closing my comments I should be grateful to the 
authors for the details of the computations leading to - 
the figures listed in tables VIII and IX. This would be 
of interest because, although the measured and com- 
puted porosities (from table VI) differ only by as 
much as 360 pct, the measured and calculated rates of 
density changes (tables VIII and IX) differ by as much 
as 100,000 pct. 


F. N. Rhines, C. E. Birchenall, and L. A. Hughes 
(authors’ reply)—-The authors wish to thank Messrs. 
Shaler and Kuczynski for their thoughtful and thought 
provoking comments. We cannot but agree with both 
that the subject is by no means closed. Indeed, it ap- 
pears unlikely that the mechanism of sintering can be 
clearly stated, or proved, until the nature of the diffu- 
sion process itself is better understood. 

In specific reply to Dr. Kuczynski’s questions, it 
should be pointed out that the density cannot be com- 
puted directly from the pore count in a case, such as 
the present one, for two important reasons. First, the 
pore shape is unknown during most of the process, 
and second, there is a wide diversity in pore shape 
until very late in the sintering process, when the 
spherical form, or something rather close to it, is ap- 
proached by all pores. As has been shown in the paper, 
it is possible to show correlation between the measured 
density and the pore count by assuming different pore 
shapes at various times during the process, but this 
is a highly artificial procedure and of doubtful signifi- 
cance, for the reasons just cited. 

Concerning the question of more rapid sintering at 
surfaces, some additional detail may be of interest. 
There is no sharply defined band, next to the surface, 
which is free from pores. However, the pore distribu- 
tion adjacent to the surface is such that none either 
penetrate the surface or occur within a pore diameter 
of the surface. Also there is a striking absence of small 
pores near the surface; such pores as do occur in this 
area are mostly of the large (most stable) sizes. Thus, 
it appears that there is a marked tendency for sinter- 
ing to go to completion first at the external surface. 

Referring to the 1000°C, 1-hr conditions, if one as- 
sumes the theoretical density of copper to be 8.96, the 
measured porosity is 1900 pct greater than that com- 
puted from the pore count assuming spherical shape. 
This is, of course, very different than the 10° discrep- 
ancy in measured and computed values (a step by step 
description of this procedure is given in the paper be- 
ginning with-the second paragraph on p. 385). Even 
before the presentation, the authors had modified their 
views somewhat and suspected that a great part of the 
early densification occurs through the nearly continu- 
ous paths of bridges between powder particles which 
are not yet soundly formed throughout the mass. 

It still seems to the authors that the presence of 
elastic strains (surface tensions) in the neighborhood 
of a source of vacancies (pore or surface) should be 
enough provocation for the formation of a vacancy 
concentration different than the normal equilibrium 
value. There also seems little reason to expect the 
dimensions of a vacancy in a sintering compact to be 
appreciably different from a vacancy in a solid piece 
of metal on which self-diffusion rates are measured. It 
appears to the authors that the areas of agreement 
with Dr. Shaler may greatly exceed the differences 
when we become more accustomed to each other’s 


terminology. 

As a result of these discussions, it is evident that a 
critical contribution would be the demonstration that 
sintering is, or is not, size and shape dependent. It is 
rather surprising that at such a late date this is not 
one of the sure facts of the field. 
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Self-Diffusion in Alpha and Gamma Iron 


by C. E. Birchenali and R.. F. Mehl 


DISCUSSION, M. B. Bever presiding 


R. E. Hoffman and D. Turnbull—The authors have 
presented evidence which they have interpreted as 
indicating that the rate of self diffusion is not intrin- 
sically more rapid at grain boundaries than within the 
grain. Grain-size effects which apparently exist are 
attributed rather to impurities concentrated at the 
grain boundaries. In view of our own experiments and 
the existing evidence, we believe that the support for 
this hypothesis is not convincing. 

We have in progress an investigation in which the 
rate of self diffusion of silver is being measured over 
an extended temperature range in both single-crystal 
and polycrystalline specimens. The results of the 
single-crystal experiments and some preliminary data 
on fine-grained polycrystalline specimens have al- 
ready been reported,” and it is anticipated that a com- 
plete report will be published in the near future. 

The self-diffusion coefficient of large-grained poly- 
crystalline silver (1 grain per sq mm) has previously 
been measured by Johnson” between 730° and 940°C. 
The diffusion coefficients which we have measured in 
single crystals (210 plane normal to diffusion direction) 
agree within experimental error with values calcu- 
lated from an extrapolation of Johnson’s curve down 
to temperatures as low as 500°C. However, it has been 
demonstrated that the overall self-diffusion rate in 
fine-grained polycrystalline specimens (initial grain 
size of 0.003 em) becomes measurably larger than the 
overall rate in a single crystal at a temperature of 
600°C, and the discrepancy between the two rates be- 
comes greater as the temperature is further decreased. 
In fact, it has been possible to obtain satisfactory 
penetration curves for polycrystalline specimens using 
the sectioning technique at temperatures as low as 
400°C. At this temperature, the penetration is 50 to 
100 times greater in the polycrystalline specimens than 
in a single crystal. 

Fisher” has developed an analysis whereby the ratio 
of the rate of the unit diffusion process at the grain 
boundary to the corresponding rate within the grain 
can be calculated from the penetration curves and an 
assumption as to the width of a grain boundary. This 
analysis applied to our data indicates that the unit 
process at the grain boundary is faster by a factor of 
10° at 475°C when the grain boundary width is taken 
to be 5A. 

The silver used in most of these experiments was 
obtained from the Handy and Harmon Co. and listed 
as 99.97 pct pure. Preliminary experiments on 99.999 
pet silver from the Jarrel-Asch Co. indicate a grain- 
size effect of the same order of magnitude as in the 
less pure silver. Nominally, these purities are as 
good, at least, as that of the carbonyl iron used by the 
authors, but of course if an impurity effect does exist 
its magnitude might be very dependent upon the na- 
ture of both major and minor constituents. 

The authors have cited the work of other investi- 
gators who have found no grain-size effects. Neither 
Steigman, Shockley and Nix® nor Maier and Nelson? 
were able to correlate self-diffusion -coefficients of 
copper with grain size. However, all their measure- 
ments were performed at or above 750°C; and on the 
basis of our work with silver, no grain-size effect 
would be expected at temperatures above about 0.7 
of the absolute melting temperature unless the grain 
size were exceedingly small. Likewise, in the investiga- 
tion of the self diffusion of lead by Seith and Keil,” 


R. E. HOFFMAN and D. TURNBULL, General Elec- 


tric Co., Schenectady, N. Y.; F. S. BUFFINGTON, Tp. 


BAKALAR, and M. COHEN, Massachusetts Institute’ 


of Technology, Cambridge, Mass. 


the lowest temperature at which the diffusion co- 
efficient was measured in polycrystalline specimens 
was 207°C, which is still sufficiently high so that the 
lack of a grain-size effect is not surprising. Finally, 
in those experiments on iron from which they con- 
cluded that there was no grain size effect, Drs. 
Birchenall and Mehl seem to have no information as to 
the actual grain sizes immediately prior to and follow- 
ing the diffusion anneal. Without this information, we 
believe that their own experiments offer little support 
for their hypothesis. 

F. S. Buffington, I. D. Bakalar, and M. Cohen—The 
results given in this paper agree in order of magnitude 
with those tentatively reported by us.” However, sig- 
nificant differences exist in the two sets of data, and 
it may be well to make an explicit comparison. The 
diffusion studies at M.I.T. were conducted on some- 
what higher purity iron (99.98 pct Fe) than the grades 
used by the authors, but this is undoubtedly not the 
answer. 

Fig. 4 shows the diffusion results of both laboratories 
for the gamma phase, omitting the authors’ data on the 
commercial steels, while fig. 5 presents a similar com- 
parison for the alpha phase. The divergence is much 
more marked in the latter case than in the former. In 
connection with the M.I.T. determinations, all of the 
runs in the gamma range and those above 800°C in the 
alpha range were conducted with specimens having a 
relatively thick (0.002 cm) electrodeposit of radio- 
active iron. This practice minimizes any possible error | 
due to extraneous diffusion that may occur during the 
heating to and cooling from the operating temperature. 
An exact solution of Fick’s law for these boundary 
conditions was used in calculating the diffusion co- 
efficients. 

At a later time, three runs were made below 800°C, 
using very thin electrodeposits similar to those of the 
authors, and the points fell considerably below the 
values expected from the extrapolation of the results 
based on the specimens with the thick deposits (com- 
pare dash-dot line in fig. 5). However, in the runs 
with the thin deposits, deviations of 100 pct were found 
between the individual specimens, whereas the maxi- 
mum deviation with the thick deposits was less than 
25 pet. Accordingly, it is not known at the moment 
whether the M.I.T. points below 800°C should be given 
as much weight as those above 800°C. If this were 
done, the frequency factor would be of the order of 
400 cm’ per sec, which is quite high. In other metals, 
the frequency factor for self diffusion lies between 
about 0.1 and 10 cm’ per sec. As the points below 
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Fig. 4—Self-diffusion of gamma iron. 
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800°C stand now, they fall closer to the authors’ plot 
than to the M.I.T. plot. 

To resolve this issue, we are now carrying out dif- 
fusion runs in the delta-phase range, with a sectioning- 
type of specimen. At 1425°C, the M.I.T. equation pre- 
dicts a diffusion coefficient of 1.2x10-7 cm? per sec 
while the authors’ equation predicts a value of 8.7x10~ 
cm’ per sec. Actual experiments in the delta phase 
should show whether the present disagreement is due 
to a difference in techniques (thin deposits vs. thick 
deposits), or whether the experimental error of both 
techniques is so large that all the data should be av- 
eraged to obtain the best straight-line plot. If the 
latter turns out to be the case, the data from the two 
laboratories for the gamma phase in fig. 4 should be 
similarly averaged. The results of the proposed runs 
in the delta region will be available soon, and will be 
published in the form of a Technical Note. 


C. E. Birchenall and R. F. Mehl (authors’ reply)— 
We wish to thank the discussers for their comments 
and welcome this opportunity to say more about the 
low temperature part of the alpha iron self-diffusion 
curve to which both discussions relate. Perhaps the 
problem can be seen most clearly by reference to fig. 5. 
It is apparent that the agreement of the two inde- 
pendently determined sets of data is within the ex- 
perimental scatter over the whole of the alpha range. 
However, it is not possible to draw any single straight 
line through the data on a log D vs. 1/T plot which is 
in satisfactory agreement with the points. The devia- 
tions are just the opposite of those to be expected as 
a result of grain boundary diffusion. More recent runs 
at still lower temperatures seem to indicate a continua- 
tion of that trend. If it is assumed with Hoffman and 
Turnbull that grain boundary diffusion is much more 
rapid than volume diffusion in both our carbonyl iron 
and Buffington, Bakalar, and Cohen’s 99.98 pct Fe, 
these deviations must become even greater than shown. 
This is possible, of course, and neither set of data 
seem complete enough to exclude it. A few experi- 
ments are planned to test this point specifically. 

However, the major point of this very tentative sug- 
gestion was that some grain boundaries in systems 
containing an appreciable concentration of a second 
component may differ from those in a very pure metal. 
Thus the assumption of a constant 5A width in Dr. 
Fischer’s unpublished analysis of grain boundary dif- 


Diffusion Coefficient 


by C. Wells, W. 


DISCUSSION, J. H. Hollomon presiding 


— LL. S. Darken—It is indeed gratifying to find that the 

results of the two different methods here reported are 
in substantial agreement with each other and with the 
~ earlier work’ of two of the authors. ; 

Dr. R. P. Smith, of our laboratory, has been con- 
ducting some experiments at 1000°C to determine the 
diffusivity of carbon in austenite by a third method— 
_-the steady state method. This work, which will soon 
be reported, is far enough advanced that we can say 
it is in substantial agreement with that of the present 
authors. The only disparity which might be considered 
significant is in the high-carbon region, where we find 
that the diffusivity rises a little less steeply than indi- 
cated in fig. 8. 

F. E. Harris—The authors have presented an impres- 
sive arrangement of data concerning the diffusion of 
carbon in austenite. Of particular interest is the com- 
pilation, table IV, which is repeated in col. B of table 
V for direct comparison with values (col. A, table V) 


L. S. DARKEN, U. S. Steel Corp. Research Lab., 
Kearny, N. J.; F. E. HARRIS, Buick Motor Div., Gen- 
eral Motors Corp., Flint, Mich. Re 
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Fig. 5—Self-diffusion of alpha iron. 


fusion may be applicable to an average grain boundary - 
in pure silver, but it may have little to do with self 
diffusion of iron at low temperatures in commercial 
iron sheet with more than 0.4 pct impurities and even 
less to do with diffusion in a 30 pct Zn-70 pct Cu pure 
copper couple at the low temperatures where grain 
boundary diffusion is important. 

Extension of arguments based on the magic number 
0.7 T,, obtained experimentally for silver and inferred 
for lead and copper should certainly be restricted to 
f.c.c. metals. The effect is not to be found in b.c.c. iron 
at 0.61 T,,. 

Without some such behavior as that postulated, it 
would seem impossible to continue to ascribe the an- 
elastic effects associated with grain boundaries to grain 
boundary diffusion processes. A comparison of the 
effects of impurities on both diffusion rates and an- 
elastic properties might give an answer to this. 
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of Carbon in Austenite 


Batz, and R. F. Mehl 


from a formulation using a single Q value of 31,000 
cal as the activation energy for diffusion. 

This comparatively simple formulation has been 
used quite successfully in the practical application of 
calculating the carbon added (or removed) through the 
face in carburizing and decarburizing experiments, 
where the face concentrations are held quite constant 
for known times and temperatures. Literally hundreds 
of tests have been so checked where the computed and 
experimental values have varied by less than 5 pct. 
For higher temperatures, where proper carburizing 
data are hard to obtain, the diffusion couple is treated 
as a decarburization of the high-concentration bar and 
as a carburization of the low-carbon member. The 
analysis has been limited to a maximum of 1.40 wt pct 
carbon. 

The agreement between cols. A and B in table V may 
be considered fair, if a liberal viewpoint is taken. 
The use of a diffusion couple has one serious drawback, 
in that comparatively small amounts of carbon pass 
through planes of concentration close to those of the 
initial high-carbon and low-carbon members, and 
hence small errors become important. In addition to 
the sensitivity at these high and low concentrations, 
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Table V. Comparison of Calculated and Experimental Amounts of Diffusion of Carbon 
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1,255 11.37 16.7 27.96 22.1 30.03 27.5 32.10 32.9 35.20 38.7 40.38 44. . 
1,301 15.32 22.6 29.06 29.8 33.21 37.1 39.44 44.3 55.00 A 
1,305 15.70 23.1 33.22 30.6 36.33 38.0 41.00 45.4 48.37 53.5 57.3 
31,000 
Do = 0.031 e RT cm2 per sec 
D =Dbo (1 + 2:15 x wt pct C) 
A = 1.473 Do - 107 for 0.22 wt pct C 
A = 1.946 Do - 107 for 0.44 wt pct C 
A = 2.419 Do - 107 for 0.66 wt pct C 
A = 2.892 Do - 107 for 0.88 wt pct C 
A = 3.408 Do - 107 for 1.12 wt pct C 
A = 3.903 Do - 107 for 1.385 wt pct C 
B values are taken from table IV. 


the method which the authors employ in evaluating D 
is, In my opinion, particularly in error for these bound- 
ary concentrations, and there is reason to believe that 
the D values so obtained are consistently too large for 
the end concentrations of a given couple. 

C. Wells, W. Batz, and R. F. Mehl (authors’ reply )— 
The confirmation of the results in this paper by Dr. 


Smith’s steady-state method for determining the dif- 
fusivity of carbon in austenite is satisfying. The 
authors wish to remind Dr. Harris that the experi- 
mental results in this investigation have been verified 
to be correct within experimental error by three 
methods: two reported in the paper and the steady- 
state method of Dr. R. P. Smith, which shows only 
small discrepancies in the high-carbon region. 


The Growth of Austenite as Related to Prior Structure 


by A. E. Nehrenberg 


DISCUSSION, J. H. Hollomon presiding 


R. A. Schmucker, Jr.—The writer wishes to point out 
that an acicular growth of austenite, similar to that 
described in the author’s paper, was recently observed 
in an alloy steel of only 0.06 C content. This steel, 
which represents an 0.07 max C, 1.35 Cr, 0.55 Ni, 0.20 
Mo analysis, combines the characteristics of minimum 
hardness in the annealed condition with maximum 
hardenability and is therefore suited primarily for 
cold-hobbing applications. The acicular austenite for- 
mation in this steel was observed accidentally during 
a determination of its Ac, temperature. 

The samples used in this investigation represented 
as-forged bar stock which had been given a prelim- 
inary temper at 1300°F. The critical (Ac,) temperature 
was finally established at 1400°F. Fig. 15 represents the 


R. A. SCHMUCKER, JR., Crucible Steel Co. of 
America, Harrison, N. J.; A. HULTGREN, Royal In- 
stitute of Technology, Stockholm, Sweden; J. R. 
VILELLA and R. A. GRANGE, U. S. Steel Corp. Re- 
search Lab., Kearny, N. J.; O. ZMESKAL, Illinois In- 
stitute of Technology, Chicago, Ill. 


microstructure of the sample which had been heated 
at 1450°F for % hr, water quenched, and tempered at 
600°F for % hr (for the purpose of darkening the 
martensite). It will be observed from the distribution 
of the darkened areas of martensite that the parent 
austenite grains formed at 1450°F had grown in an 
acicular manner and still occupied only a small per- 
centage of the total area. The remainder of the area 
contains the original equiaxed ferrite grains in which 
new austenite had as yet scarcely formed. However, 
the tiny isolated martensitic patches at several points 
where three or more ferrite grains intersect indicate 
that small austenite grains had formed and started to. 
grow in an apparently equiaxed fashion. 

Fig. 16 represents the prior microstructure of an 
original sample in the as-forged and tempered condi- 
tion, before it was heated above the critical tempera- 
ture. It is probable that there are two kinds of ferrite 
in this structure: (1) The equiaxed proeutectoid ferrite 
grains which separated from the austenite when the 
steel was cooled from the forging temperature, and 
(2) the acicular ferrite associated with the aggregate 
of fine carbide which is represented by the patches of 
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darker etching structure grouped near the center of 
the micrograph. According to the author’s view, these 
acicular grains of ferrite would have formed when the 
martensite or bainite in the as-forged structure was 
tempered. Regardless of the theory of the acicular 
ferrite grains, it appears quite conclusive from a com- 
parison of the two micrographs that the acicular growth 
of new austenite grains represented in fig. 15 took 
place only in those areas which were occupied by the 
agglomerated acicular transformation product in fig. 
16. There is also some evidence from the incipient 
growth of austenite in the equiaxed ferrite in fig. 15 
that the new austenite grains are correspondingly 
equiaxed. 

A. Hultgren—lIn fig. 14 the author demonstrates how, 
during heating of a hypoeutectoid alloy steel 4140, the 
last ferrite to transform is located in areas formerly 
occupied by pearlite. 
graphs of this paper, there are several others that il- 
lustrate the same phenomenon. Fig. 3a shows that, on 
heating the same steel, previously hardened and tem- 
pered, to 1420°F, the ferrite areas still untransformed 
contain no carbide, although such particles very likely 
were present in those areas before austenite formed, 
as indicated by the structure shown for 1360°F. A 
similar conclusion may be drawn from fig. 3b where 
the prior structure was obtained by a spheroidizing 
anneal not involving hardening. In fig. 11 (steel 4140) 
the small ferrite areas remaining at 1450°F lack car- 


bide particles, whereas a large one contains such par-— 


ticles only in its central portion. 

Hence it may be concluded that, on suitably slow 
heating of a hypoeutectoid steel of any prior structure, 
at least for certain alloy compositions, a stage is 
reached where the austenite formed still retains a fair 
amount of carbide particles or lamellae, whereas un- 
transformed areas are ferrite free from carbide. The 
carbide missing in those ferrite areas appears to have 
been dissolved in the ferrite matrix. The following 
explanation of this phenomenon is suggested. For 
simplicity, only the case of a hypoeutectoid carbon 
steel will be considered, although it may be suspected 


Fig. 15 (left) —Acicular growth of austenite in an 0.06C 
Ni-Cr-Mo steel. 


Water quenched after heating at 1450°F 12 hr and tempered 
1% hr at 600F. Etched in picral-zephiran chloride reagent. 
X1000. 

Dark etching structure (tempered martensite) was austenite 
at time of quench. 


Fig. 16 (right)—Prior structure in the same steel before 
austenitizing. 
Metoceed structure tempered at 1300°F. Etched electro- 


lytically in Allten’s reagent. X1000 2 
Dark etching structure represents the areas of martensite or 


bainite present in the as-forged structure, agglomerated by 
tempering. 


Among the excellent micro-— 


erp, 


Fe —> 4C 


Fig. 17—Portion of equilibrium diagram to illus- 
trate change in carbide solubility. 


that certain alloy elements play a significant part in 
the reaction. 

The underlying assumption of the following reason- 
ing is that whenever two phases touch there will be a 
reaction between them at the interface towards estab- 
lishing in the contacting layers the equilibrium com- 
positions for those two phases at the temperature in 
question. 

It is well known,” *” although still not satisfactorily 
explained, that when pearlite transforms into austenite, 
there is a preliminary stage where all its ferrite is 
consumed; but a considerable amount of cementite 
remains undissolved. This sluggishness in the dissolu- 
tion of cementite is observed in carbon steel and, more 
markedly, in certain alloy steels. 

Disregarding for the moment the location of the 
austenite nuclei, on heating slowly to temperature T, 
(fig. 17), somewhat above A,, or holding at such a 
temperature, the transformation front passing gradu- 
ally through pearlite regions will leave behind it 
austenite with remnants of cementite but no remnants 
of ferrite. In the still untransformed regions of pearl- 
ite, the ferrite will react with cementite and approach 
its saturation composition for temperature T, with re- 
spect to cementite a,,, whereas the ferrite at the trans- 
formation front will, for a similar reason, approach 


Fig. 18—Symmetrical growth of austenite around 

spheroidal carbides in a 1.25 pet carbon steel. Area 

shown is in the heat-affected region of a spot weld. 
X2000. - 
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the composition a, Thus a carbon concentration 
gradient is set up in the ferritic matrix of pearlite re- 
gions, diffusion results; and the carbide of those regions 
is gradually dissolved in the ferrite, first in the border 
regions near the advancing austenite, later farther 
inwards. In this way, the carbon in the cementite of 
the pearlitic regions will be transported into the 
austenite, as well as the amount of carbon dissolved 
in the remaining ferrite in excess of a,,. 

This addition of carbon from the ferrite will enable 
the austenite to grow, its front composition remaining 
at or near 7, Meanwhile, the cementite particles in 
the austenite will slowly dissolve, in the present case 
more slowly than the cementite particles in the ferrite. 
To what extent this sluggishness may be attributed to 
slow rate of dissolution or slow rate of diffusion in 
austenite, and to what extent it is effected by alloy 
elements present, remains an open question. 

The author’s observation, as demonstrated in figs. 13 
and 14, that in hypoeutectoid steels nucleation of 
austenite may start in the proeutectoid ferrite, is in- 
teresting. In this connection it should be borne in 
mind that at least part of the proeutectoid ferrite gen- 
erally is precipitated below A,. This will apply par- 
ticularly to alloy steels, where precipitation is more 
sluggish. The composition of such ferrite, as newly 
formed, would therefore correspond to a temperature 
T, below A,, and be represented schematically by a,, 
(fig. 17). On further cooling or on reheating, carbide 
may be precipitated from this supersaturated ferrite, 
preferably along prior austenite grain boundaries, or 
ferrite grain boundaries.* Whether carbide precipita- 


* Such evidence will be presented in a paper soon to be pub- 
lished. 


tion occurs in the ferrite or not, it is obvious that the 
conditions for the formation of austenite nuclei on 
heating are at hand in a ferrite that had once a carbon 
content exceeding the value a, for the reheating tem- 
perature. 

J. R. Vilella and R. A. Grange—In common with 
certain other transformation phenomena, actual ob- 
servation of the manner of austenite growth in steels 
heated above their Ac, temperature provides numerous 
exceptions to the classical, and often idealized, con- 
ception described in the literature. In his excellent 
paper, Mr. Nehrenberg has clearly demonstrated that 
prior structure markedly influences the growth pat- 
tern of austenite; since this appears not to have been 
recognized previously, at least in published literature, 
his contribution is indeed valuable. 

One of the present writers prepared the specimens 
used as illustrations by Bain* and, consequently, is 
able to provide experimental details not available to 
Mr. Nehrenberg when he attempted to duplicate these 
structures. Both steels in which austenite formation 
was illustrated by Bain were chosen for this purpose 


Fig. 19—Effect of prior structure and grain size 
upon the growth of austenite in an 8630 steel. X1000. 


(a) Austenitized at 1600°F, isothermally transformed at 1200°F 
to ferrite and pearlite, and tempered for 16 hr at 1300°F 
(below Aci). 

(b) Specimen (a) reheated to 1385°F (above Aci) for 1 hr and 

ay brine quenched. 

c) Same as (a) except austenitized at 2000°F i 
raiocr instead of at 

(d) Specimen (c) reheated to 1385°F for 1 hr and brine 

quenched. 

(e) Austenitized at 1600°F, brine quenched to martensite, and 
tempered for 16 hr at 1300°F. 

(f) Specimen (e) reheated to 1385°F for 1 hr and brine 


- 


‘ quenched, 
g) Same as (e) except austenitized at 2000°F i 

Pear p 0 instead of at 
(h) Specimen (g) reheated to 1385°F for 1 hr and brine 
i quenched. — 
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because they contained unusually large carbides. The 
high-carbon steel was produced by carburizing a sam- 
ple of commercially pure, electrolytic iron. The prior 
structure, developed by slow cooling from the car- 
burizing temperature, consisted of massive carbides, 
with occasional carbide lamellae, and ferrite. The low- 
carbon steel was taken from an oil refinery tube which 
had been in service at a temperature of 1000° to 1200°F 
for several years. : 

In view of the unusual nature of these two steels, it 
is understandable why Mr. Nehrenberg was unable to 
develop, by conventional heat treatment of commercial 
steel samples, carbides comparable in size to those in 
Bain’s illustrations. Mr. Nehrenberg also failed to find 
a steel in which the majority of the growing volumes 
of austenite enveloped large carbides; this led him to 
conclude that “the idealized symmetrical growth of 
austenite around coarse, spheroidized carbides occurs 
rarely in commercial steels austenitized in the con- 
ventional manner by continuous heating.” The two 
steels in which austenite formation was discussed by 
Bain were not ordinary commercial steels which had 
been given a conventional heat treatment and hence, 
observations based on them do not necessarily conflict 
with Mr. Nehrenberg’s conclusion. However, sym- 
metrical growth of austenite around large carbide 
particles may not be as rare as Mr. Nehrenberg infers. 
An excellent example of symmetrical growth was re- 
cently encountered in the heat-affected zone of a spot- 
welded sheet of commercial steel containing 1.25 pct C; 
fig. 18 is a micrograph illustrating the mode of austenite 

«growth in this specimen. The prior structure was 
spheroidite. We were not informed of the details of 
heat treatment, but probably the steel, initially pearl- 
itic, was alternately annealed and cold rolled to reduce 
it to thin sheet with a microstructure of spheroidized 
carbides in ferrite. In fig. 18, the boundary between 
martensite (austenite before cooling to room tempera- 
ture) and ferrite contains a fringe of dark-etching dots 
which are believed to be pearlite which transformed, 
in a manner analogous to formation of the pearlite il- 
lustrated by Mr. Nehrenberg in his fig. 6, from austenite 
during cooling. 

Incidental to measurement of Ae, and Ae, tempera- 
tures of commercial steels, we have observed the 
formation of austenite in many compositions and for a 
variety of prior structures. In agreement with Mr. 
Nehrenberg’s observations, our experience indicates 
that the pattern of growth of austenite is noticeably 
acicular when the prior structure was martensite or 
bainite, as contrasted to more or less equiaxed growth 
when the prior structure was pearlitic; thus, the shape 
of a growing volume of austenite is, to a considerable 
extent, inherited from the shape of the prior ferrite 
grains. Mr. Nehrenberg explains this by assuming 


Fig. 20—Four modes of austenite growth in an 8630 
steel. X1000. 


(a) Austenitized at 2000°F and isothermally transformed at 
1200°F to ferrite and pearlite. 

(b) Specimen (a) tempered for 1 hr at 1300°F (below Aci), 
reheated to 1370°F (above Aci) for 1 hr and brine 
quenched. 

(c) Austenitized at 2000°F and brine quenched. 

(d) Specimen (c) tempered for 1 hr at 1300°F, reheated to 
1370°F for 1 hr, and brine quenched. 

(e) Specimen (c) tempered for 1 hr at 1300°F and cold rolled 
to 50 pct reduction in thickness. i 

(f) Specimen (e) reheated to 1370°F for 1 hr and brine 
quenched. 

(g) Specimen (c) (cold rolled) heated to 1300°F for 1 hr to 
recrystallize ferrite grains. : 

(h) Specimen (g) reheated to 1370°F for 1 hr and brine 
quenched. 
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Fig. 21—Formation of austenite in a plain carbon eutectoid steel with a pearlitic prior structure. 
Specimen held for 8 sec at 1375°F and brine quenched. (a) X150, (b) X2500. 


that, in its early stages of growth, austenite is largely 
confined in the ferrite grain within which growth 
started and is reluctant to cross the boundary into an 
adjacent ferrite grain. Additional evidence supporting 
this sort of mechanism is afforded by the observation 
that the average size of growing austenite areas is 
proportional to the average size of the prior ferrite 
grains. We have prepared a series of micrographs, 
shown in fig. 19, to illustrate this, using samples from 
a commercial heat of 8630 steel. The micrographs are 
arranged in four pairs in which the prior structure, 
tempered at 1300°F to emphasize the size and shape 
of ferrite grains, is the upper member and the struc- 
ture illustrating the growth of austenite the lower 
member of each pair; the latter structure was produced 
by heating at 1385°F (between Ac, and Ac,) for 1 hr 
and then quenching in brine. Prior structures were 
pearlitic in a, b, c, and d and martensitic in e, f, g, 
and h. Specimens were austenitized at 1600°F or 
at 2000°F to develop, respectively, small and large 
austenite grains, which transformed to relatively 
small and large ferrite grains. Martensitic structures 
were developed by brine quenching from the austen- 
itizing temperature and pearlitic structures by iso- 
thermal transformation of austenite at 1200°F. In the 
fine-grained pearlitic structure, prior ferrite grains are 
equiaxed and relatively small, and this shape and size 
persists in the excess ferrite during austenite forma- 
tion. In the coarse-grained pearlitic structure, prior 
ferrite grains are equiaxed but much larger, and the 
excess ferrite during austenite formation is corre- 
spondingly large and equiaxed. Ferrite grains in both 
fine and coarse-grained martensitic structures (after 
tempering) are noticeably acicular rather than equi- 
axed, especially in the latter; after quenching from 
between Ac, and Ac,, ferrite grains are principally 
acicular in shape in either case, but, on the average, 
considerably larger in the coarse-grained sample in 
accordance with the average size of ferrite grains in 
the prior structure. Thus, it is. apparent that the 
growth of austenite is related to the size, as well as to 
the shape, of prior ferrite grains. 


Mr. Nehrenberg’s work demonstrates that the mecha- 
nism of the growth of austenite is more complex than 
suggested by the classical conception of symmetrical 
random growth around carbide particles. In this we 
concur, but believe that he may have somewhat over- 
simplified the subject. For example, he infers that 
austenite formed from a martensitic prior structure 
always assumes, in its early stages of growth, an 
acicular shape. We would like to cite two exceptions 
and to illustrate, in fig. 20, four modes of austenite 
growth in four samples from the same steel given an 
identical austenitizing treatment, but each having a 
different structure prior to the final treatment between 
Ac, and Ac,. The two upper pairs of micrographs in 
fig. 20 show the mode of austenite growth starting with 
pearlite (a and b) and with martensite (c and d); 
the prior structure is the upper member of each pair 
and, in the case of martensite, has been etched in picral 
plus hydrochloric acid in order to emphasize the acicu- 
lar appearance of martensite. The third pair (e and f), 
in fig. 20, represents an initially martensitic struc- 
ture, identical to that shown in c and d, which 
was tempered at 1300°F for 1 hr and then cold rolled 
to 50 pct reduction in thickness; although the prior 
structure was acicular and cold rolling produced 
elongated ferrite grains, austenite apparently formed 
principally by equiaxed growth. When the cold-re- 
duced sample was heated to 1300°F (below Ac,) for 1 
hr after cold rolling, the slender, elongated ferrite 
grains recrystallized to relatively large and only 
slightly elongated grains (g and h in fig. 20). In this 
sample, austenite formed in an unusual network pat- 
tern. It is apparent that, despite a martensitic prior 
structure, austenite growth was by no means acicular 
in the cold-rolled or the cold-rolled plus annealed 
samples. 


The four so-called modes of austenite growth illus- 
trated in fig. 20 do not necessarily involve four different 
growth mechanisms, nor do they necessarily comprise 
all the variations possible in this particular steel, but 
they do indicate that the mode of austenite growth may 
vary widely and is probably controlled by more factors 
than are at present recognized. Incidentally, fig. 20 
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reveals appreciably more austenite in the cold-reduced 
specimen than in the other three. This cannot be 
attributed to difference in the heat treatment during 
which austenite formed, since all four specimens were 
heat treated in the same furnace simultaneously; ap- 
parently, the cold work accelerated the phase change, 
which resulted in a closer approach to the equilibrium 
structure, as might be expected. 

Finally, we note that the paper contains no illustra- 
tion of austenite forming from a pearlitic structure 
which contains no excess ferrite and in which carbides 
have not noticeably coalesced either before or during 
austenite formation. Since, in practice, austenite often 
forms from such a structure, we show in iB Paley 
micrograph at low and at high magnification of austen- 
ite forming under these conditions. In this case, there 
is no excess ferrite and, hence, no ferrite grain bound- 
aries to restrict random growth of austenite. 

O. Zmeskal—Mr. Nehrenberg is to be congratulated 
on this very excellent paper. It is a penetrating analy- 
sis from direct metallographic evidence. He has clearly 
defined the relationship that exists between the ferrite 
distribution and the distribution of the austenite that 
grows from it during the range of two phase equi- 
librium. 

Although the shape of the homogeneous austenite 
_ grains could not be determined from the figures, it is 
probably true that their shape is independent of its 
acicular or blocky nature while growing in the two- 
phase field. 

A. E. Nehrenberg (author’s reply )—The author would 
like to take advantage of this opportunity to express 
to the discussers his sincere thanks for their valuable 
contributions, they are welcome additions to the paper. 

It is clear that a great deal of effort was expended 
by Messrs. Vilella and Grange in the preparation of 
their comprehensive discussion, and for this the author 
is most grateful. Since they are well known for their 
contributions to the literature on transformations in 
steels, it is pleasant to know that their independent 
observations confirm the relationships between prior 
structure and the growth pattern of austenite described 
in the paper. The metallographic evidence offered in 
fig. 19 in support of the mechanism suggested in the 
paper to account for these relationships adds a great 
deal to the value of the paper. 

The fact that Messrs. Vilella and Grange did not ob- 
serve an acicular growth of austenite in cold-worked 
tempered martensite does not contradict the concept 
that the austenite tends initially to assume the size and 
shape of the ferritic matrix grains. Although the cold- 
worked grains were initially elongated, during heating 
to the austenitizing temperature, recrystallization 
would undoubtedly occur. Thus, the austenite would 
‘be forming in an equiaxed structure. This would 
account for the equiaxed growth of austenite indicated 
_by fig. 20f. 

Fig. 20g indicates that the 1 hr temper at 1300°F not 
‘only recrystallized the cold-worked tempered mar- 
tensite but resulted in considerable grain growth as 
well. Fig. 20h suggests that in such a prior structure 


the new austenite at first grows preferentially within ~ 


the grain boundaries of the prior structure. At a some- 
what higher austenitizing temperature, it would prob- 
ably be found that the austenite would assume the size 
and shape of the coarse equiaxed grains in the prior 
structure. 

Fig. 18, contributed by Messrs. Vilella and Grange, 
is an interesting example of the symmetrical growth 
of austenite around large carbide particles. Evidently, 
when very rapid rates of heating are employed, as in 

electric welding processes, or perhaps in high-frequency 


induction heating, the manner in which austenite 
grows may be less dependent upon the prior grain 
structure than it is for slower rates of heating. 

In connection with fig. 21 of Messrs. Vilella and 
Grange’s discussion, whether there is excess ferrite or 
not, new austenite tends. to assume the size and shape 
of the matrix grains. Baeyertz® found that “austenite 
grains do not readily grow across the ferrite grain 
boundaries which separate the pearlite colonies, so 
that, in the absence of coarsening, the austenite grain 
size at the end of the transformation is equal to, or 
less than that of the prior pearlite colony size.” The 
present author has made similar observations. 

In Professor Hultgren’s discussion an explanation is 
offered for the fact that the carbides disappear in the 
ferrite areas before they disappear in the austenite 
areas in partially austenitized hypoeutectoid steels. 
Under equilibrium conditions, compositions at various 
interfaces would be those indicated by Professor 
Hultgren, but it may be that the rate of heating em- 
ployed in the investigation described in the paper, 
that is 60°F per hr, was not slow enough to permit the 
equilibrium compositions to be attained. Nevertheless, 
carbon concentration gradients of some magnitude 
must exist in both the ferrite and austenite to set the 
stage for the diffusion of carbon to the boundary 
regions of the growing austenite. As Professor Hultgren 
has pointed out, the carbides dissolve simultaneously 
but at different rates in both the austenite and ferrite, 
and carbon diffuses through both phases to the aus- 
tenite boundary regions of low-carbon content. The 
fact that the carbides disappear first in the ferrite can 
be attributed to a higher diffusion rate in ferrite than 
in austenite at the same temperature. In this connec- 
tion Stanley® has found the diffusion of carbon to be 
over 100 times as fast in ferrite as in austenite at the 
A, temperature. 

In the concluding part of his discussion Professor 
Hultgren points out that there is a tendency for car- 
bides to precipitate during cooling to room tempera- 
ture in proeutectoid ferrite formed just below the A, 
temperature, and that conditions therefore exist in the 
ferrite which are favorable for the nucleation of aus- 
tenite during subsequent heating. The exact sites at 
which nucleation of austenite occurred in the pro- 
eutectoid ferrite areas could not be observed, but there 
were precipitated carbides present. It is reasonable to 
conclude that nucleation did occur at these carbide- 
ferrite interfaces. 

The micrographs presented by Mr. Schmucker which 
show evidence of both acicular and equiaxed growth 
of austenite in a 0.06 C Ni-Cr-Mo steel are appreciated. 
As the discusser mentioned, the austenite appears to 
be growing in an equiaxed manner in the equiaxed 
proeutectoid ferrite, whereas in the tempered mar- 
tensite or tempered bainite in the same specimen the 
growth is acicular. This observation is in accordance 
with the effect of prior structure discussed in the paper 
and serves to extend the relationships described to 
commercial steels of very low-carbon contents. 

As Professor Zmeskal points out in his discussion, 
the austenite grains, though they may be initially 
acicular, finally become equiaxed when the heating for 
austenitizing is continued to temperatures above the 
two-phase region. The mechanism by which this transi- 
tion from acicular grains to equiaxed grains occurs 
has not been made clear by the work which has been 
done to date. 
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Electrical Conductivity of Titanium Slags 


by J. L. Wyatt 


DISCUSSION 


J. W. Tomlinson—It seems probable that the author’s 
conclusion, that the conductivity of the slags decreases 
with increasing content of FeO, is erroneous due to 
the method of plotting the data. Thus, the results of 
other workers? * **** show that the conductivity of 
molten oxide slags increase with increasing tempera- 
ture, indicating that the trend of the curve shown by 
the authors is due to the fact that the data for the slags 
containing relatively small amounts of FeO are at 
higher temperatures than those for the slags contain- 
ing relatively large amounts of this oxide. In this 
connection the work of Wejnarth? may be mentioned 
in which in an investigation of a series of iron silicate 
slags, the conductivity was found to increase with in- 
creasing content of FeO; the fact that the author’s 
slags contained TiO, probably does not affect the issue 
since it has been shown” * that, at least as far as 
conductivity is concerned, this oxide behaves essen- 
tially the same as silica and that mixtures of the oxide 
with silica have a very low conductivity of the order 
of 10 mhos at 1750°C. 

In connection with the experimental technique it 
may be noted that bubbles of carbon monoxide would 
probably be produced at the surface of the graphite 
electrodes in contact with the melts thus rendering the 
accuracy of the measurements somewhat open to 
question. 


J. L. Wyatt (author’s reply)—Dr. Tomlinson makes 
reference to works by Martin and Derge, which indi- 
cate that slag systems containing no TiO, are charac- 
terized by an increase in conductivity with an increase 
in temperature. Further, I have cited his examples, 


which indicate a drastic increase with small tempera- 
ture change. 

The results of Dr. Derge’s work have no bearing 
whatsoever on the results of this paper, since the slags 
under study here contained up to 70 pct TiO, One 
cannot generalize on slag systems as a whole on the 
basis of any one family, for there are definite com- 
pounds of ionic nature formed in each system, and the 
ionic mobilization of these is something that cannot 
be determined without actual experimentation. 

Dr. Tomlinson makes reference to an unpublished 
work which, he claims, shows that titanium dioxide 
behaves the same as silica in regard to conductivity. 
Since I have not had an opportunity to see the paper 
I cannot make any comments, but unless the same 
slag system was studied there can be no specific com- 
parison of results. 

If the decrease in conductivity of the slag was due 
entirely to temperature phenomena, as Dr. Tomlinson 
indicates, then one is without an explanation of the 
values shown in the paper for slags containing from 
10 to 20 pct FeO. I cannot agree that the deviation in 
findings was appreciably related to temperature 
change; further, I believe this point was completely 
covered in the paper. 
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The Relationship Between Electrical Conductivity and Composition of 
Molten Lead Silicate Slags 


by A. K. Schellinger and R. P. Olsen 


DISCUSSION, exhibit varying degrees of deviation from the energy 

as : ; equations.** * *” Taylor, in particular, cautions that 

G. Derge—This is an interesting example of the re- the linear fee Mimic velations should not be extended 

cent recognition that measurement of electrical prop- over large temperature ranges.” On the other hand 

erties of molten slags provides a direct method for these tas Pcoesties are different entities, and the 

oon ane properties at temperature. Although results of this paper and the proposed method of slag 

a ¢ authors have properly confined themselves to A analysis are not necessarily dependent on a direct re- 
mple system, there is certainly no reason to believe lationship between them 

that suitable calibration of the influence of other com- In Fe contation of their paper, Mr. Schellinger 

seas re not result in a rapid, direct method of ably discussed the precautions they took in order to 

ol. 


insure a constant depth of electrodes in the molten 
slags. Inasmuch as this important information was 
omitted from the published paper, I would like to 
suggest that it be included in the authors’ reply to the 
discussion. For instance, if such precautions had not 
been taken, the change in density with chemical com- 
position could affect the depth of the electrodes, par- 
ticularly when samples of constant weight are selected 


The discontinuity in the unit conductivity vs. com- 
position curve in fig. 2 corresponds to the possible 
transition from a trisilicate to a disilicate unit in the 
slag structure, as indicated in the analogous FeO-SiO, 
system by slag-metal distribution studies.* I wonder if 
the authors have any additional evidence at inter- 
mediate compositions to indicate how abrupt this 


change is. for ttosting Ee alot 
; g.” A variation in depth of the electrodes 
J. O. Mack—The authors have presented an interest- 9m slag to slag would thus affect the transition from 


ing paper on a proposed method for predicting the ? 

relative proportions of PbO and SiO, in a binary poe futons wee Se eae 

molten slag from its specific conductivity at different ject reveals three other precautions that should be 

temperatures. If this method can be adapted to pro- considered in performing this type of study: 

duction testing, considerable savings in time and 1. Herty et al. state that bubbles in the melt will 

money in the testing of slags may be realized. affect its viscosity; they should also affect its conduc- 
The similarity between the energy curves for elec- tivity. Martin and Derge and Bockris and coworkers 


trical conductivity and viscosity is interesting. Many realized this source of error and took appropriate pre- 
experimenters have concluded that there may be some cautions in their investigations. 


sort of relationship between electrical conductivity 2. Ina study of the relation between electrical con- 


and viscosity of molten silicates;*"™ but the relation ductivity and temperature in molten silicates, White 
may not be as simple as the energy equations imply: i 


A survey of the literature on this interesting sub- 
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Fig. 4—Effect of composition on electrical conduc- 
tivity of PbO-SiO, slags at 800°C. (From data of 
authors.) 


and Ford” held the slag at the desired temperature 
for a suitable length of time to permit a better approxi- 
mation of equilibrium conditions. In so doing they 
detected a difference between their data and those of 
other investigators particularly near the melting points 
of the slags. Time at the testing temperature, there- 
fore, apparently has an effect on the electrical con- 
ductivity of molten slags. This observation is in agree- 
ment with data on the time required for molten slags 
to reach an equilibrium cell-electromotive force,” for 
example, 44 min at 1450°C for a slag containing 15 pct 
Al,O,, 30 pet CaO, and 55 pet SiO, by weight. 

3. Incipient crystallization at temperatures below 
the liquidus of molten silicates can affect the measure- 
ment of viscosity™* and should, therefore, also affect the 
measurement of conductivity. As long as the molten 
‘ slag remains vitreous below the liquidus, its conduc- 
tivity should be continuous with that above the liquidus. 
If the molten slag is held at a temperature below the 
liquidus long enough to approach equilibrium conduc- 
tivity, incipient crystallization may well occur, giving 
data that are not consistent with those of the com- 
pletely molten slag. 

It is interesting to note that nine of the points shown 
by the authors were obtained at temperatures below 
the liquidus of the PbO-SiO, system; one of these 
points, however, was very close to the liquidus. Ac- 
cording to the phase diagram they used,° the tempera- 
tures for initial solidification of each of their slags is 
listed in table I. 

In some of the slags these points are apparently 
within the experimental error of the higher tempera- 
ture; this probably means that the slags were suffici- 
ently vitreous at the time of their measurement to 
preclude any deviation from a continuous relationship. 
Their data have been replotted_in fig. 3, in which the 
liquidus curve is also indicated. New lines are drawn 
only through those points that are above the liquidus 
curve. The deviation of the points below the liquidus 
of Slags 19 and 22 is apparent. 

Only two points were used to draw the line for Slag 
16; therefore, the line was drawn parallel to that of 
Slag 15. Such a parallelism may not be correct, par- 
ticularly since Slag 16 corresponds to the compound 
2PbO - SiO,. On the other hand, there are not enough 
data to do otherwise. 

Fig. 4 shows the effect of chemical composition on 
the conductivity at 800°C as obtained from the data of 
the authors. The three points on the left and the two 
on the right form a straight line. The two points near 
the center of the graph, however, are appreciably 
lower than this line. A downward cusp has been drawn 
into the curve at the composition of PbO - SiO,, at 
which there is a maximum in the liquidus curve 
(746°C). Several investigators” *" have reported this 
type of minimum in viscosity curves for stoichiometric 
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Fig. 5—Original curve from fig. 2 of the authors 
showing one point that was misplotted and revised 
points from the lines of fig. 3. 


* Point miscalculated by Schellinger and Olsen. A—Schellinger 
and Olsen. O—Points recalculated from revisions in fig. 3. 


compounds in other silicate systems; others” * have 
predicted such minima. (However, Lillie” and Endel 
et al.* did not find such minima.) To the best of my 
knowledge, however, this type of minimum has not 
been reported heretofore for electrical conductivity- 
chemical composition curves for molten slags. 

The work of Preston” is particularly noteworthy. In 
his early work on the viscosity of the Na,O-SiO, sys- 
tem, he obtained only a few points, which were slightly 
scattered and through which he drew a straight line. 
Later, when he obtained many more points, he ob- 
served two downward cusps, one at Na,O - SiO, and 
one at Na,O - 3Si0,, the latter being less pronounced. 

The authors’ curve in fig. 2, is reproduced as a part 
of fig. 5; one point on their curve seems to be mis- 
plotted, the correct position being indicated by an 
arrow. The curve resulting from the new lines drawn 
in fig. 3 is also included. It appears that the part of the 
curve on the high-silica side of the diagram may be 
parabolic instead of linear. 

The physical significance of plotting the temperature 
(K) of unit conductivity against mol pct SiO, is not at 
first apparent. An examination of the energy equation, 
however, shows that this temperature is a function 
of Q, and A,: 


log y = log A, + Q,/RT 
At log y = 0, —log A, = Q,/RT, 
and T, = —Q,/R log A, 


The effect of composition on Q, is shown in fig. 6. 
There is a discontinuity near the center of the graph. 

The effect of composition on A, is shown in fig. 7. 
The discontinuity is more pronounced in this curve. 


= % ¥ 10% (C2"/m 01) 


° 
20 25 30 35 40 45 50 55 60 6s 70 


Fig. 6—Effect of composition of PbO-SiO, slags on 
—Q:. 
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These discontinuities occur at the same composition 
as that noted by the authors in fig. 2. I would like to 
suggest that additional data in the range of composi- 
tions 40 to 50 mol pct SiO, would be helpful in under- 
standing the results obtained in this investigation. 

In conclusion I would like to suggest to the authors 
that experimental data in the form of those in fig. 4 
might simplify their problem of relating electrical con- 
ductivity to chemical composition. By using this rela- 
tionship, a conductivity measurement at only one tem- 
perature is required. Also, in fig. 3 there is a region in 
which the test results will indicate up to three widely 
differing chemical compositions; whereas, in fig. 4, such 
regions, if really present, are confined to a narrower 
range of compositions. 

Again, I would like to congratulate the authors on 
their undertaking of this difficult, but very interesting 
investigation. Zz 


J. W. Tomlinson—This work is of great interest and 
the authors are to be complimented on their approach 
to a difficult problem. 

With reference to the experimental technique, I 
would like to ask the authors whether they observed 
any attack of the crucible or the thermocouple and 
electrodes, and also whether they observed any vola- 
tilization of lead oxide from the slags containing high 
percentages of this constituent; an analysis of the 
melts before and after the experiments would be of 
interest in this respect. 

The authors assume that ionic conduction in liquids 
is a function of viscosity and state that the straight 
line relation they observe between log conductivity 
and 1/T is good evidence of the correctness of the 
assumption. To avoid confusion it is necessary to 
clarify this point. The Shepard relation quoted, is a 
logarithmic form of an empirical expression suggested 
by Rasch and Hinrichsen in 1908 and Arrhenius in 
1916 to relate the variation of conductivity to tempera- 
ture. For molten salts, expressions have been derived 
from first principles expressing these two properties, 
using both kinetic statistical and transition state 
theory.” * These treatments show that the empirical 
expressions cited above are approximations to more 
exact formulas and hold over limited ranges of tem- 
perature. While for most liquids conductivity increases 
and viscosity decreases with increasing temperature, 
and while in a binary silicate system it is usual to find 
that conductivity increases and viscosity decreases 
with increasing content of the metal oxide, these 
properties do not show any consistent variation with 
the type of metal ion. This may easily be seen by 
reference to molten salts and in particular the halides 
of the alkaline earth and alkali metals which have 
been investigated in some detail. 

In all cases the energy of activation for viscosity is 
greater than the energy of activation for conductivity 
by a factor of the order of 2-6, indicating that the two 
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Fig. 7—Effect of composition of PbO-SiO, slags on Ax. 


processes involve different energy barriers. For molten 
Silicates the factor is also of the order of 2-6 and it is 
now generally acknowledged that the conduction is 
due to the small metal cations and the viscosity to the 
Silicate groups or anions.” ** 

The range of temperature for which the lines are 
shown in fig. 1, extends below the liquidus tempera- 
ture in all cases except one and measurements in this _ 
region are therefore not characteristic of the liquid 
corresponding to the composition quoted but of a 
liquid the composition of which depends on tempera- 
ture. It would be interesting to know if the authors 
measured any conductivities through the solidification 
point as a sudden fall in conductivity might be ex- 
pected at this point. 

The inflection point shown in fig. 2 at the composi- 
tion. corresponding to slag 17 is interesting from a 
theoretical standpoint though it is difficult to do more 
than speculate, as the point depends on one result 
only, unless the authors have restricted the data for 
the sake of clarity; and it is possible to draw a per- 
fectly satisfactory straight line through the other 
points. Also, the fact that the data fall into two groups 
may be due to the fact that no results were obtained 
for compositions between slags 17 and 19. A sudden 
change in structure would not be expected at this or 
any other composition on the random network theory 
of silicate melts which postulates a continuous change 
in the size of the silicate groups and a corresponding 
change in the number of conducting cations and the 
energy of activation for conduction; these conclusions 
are well supported by experimental data. *® 

With reference to the prediction of the composition 
of a slag from conductivity and temperature measure- 
ments, it seems probable that small amounts of im- 
purities of the alkaline earth type would not affect the 
results substantially. Alkali metals or iron and man- 
ganese however, would probably affect the results 
due to their higher ionic weight conductivity.” *® 


A. K. Schellinger and R. P. Olsen (authors’ reply)— 
We find it gratifying that the results of our modest 
research have aroused the satisfying discussion which 
precedes this reply, especially from outstanding work- 
ers in the field of molten silicate solutions. We wish to 
thank these men for their stimulating and thoughtful 
discussion of our paper and work. 

Dr. Derge’s suggestion that the discontinuity in the 
unit conductivity vs. composition curve (fig. 2) may 
correspond to a transition from a trisilicate to a di- 
silicate unit in the slag structure seems to be a valid 
one. We must confess, however, that our data is far 
too scanty to give much evidence as to the abruptness 


_of the transition. The reason for this paucity of data 


is that we were primarily interested in only sufficient 
measurements to establish straight-line relationships 
for the PbO-SiO, system in order to predict slag com- 
position from electrical conductivity. We did not have 
an opportunity at a later date to pursue structural 
studies such as are illustrated by Dr. Derge’s excellent 
work in this field. Such studies should be made on this 
simple binary system. 

The painstaking and complete discussion of our 
paper offered by the Carnegie-Illinois Steel Co. Re- 
search Laboratory is greatly appreciated. Mr. Mack 
points out the similarity between the energy curves 
for the “different entities” electrical conductivity and 
viscosity. In our paper we point out the almost exact 
similarity between an empirical equation derived by 
Shepard, for the viscosity of a pure liquid (log vis- 
cosity = A/T + B) and the equation for electrical 
conductivity derived from our plotted points (log con- 
ductivity = —A/T —B). We derived the latter equa- 
tion from the former. While this is certainly not proof 
of the identity of electrical conductivity and viscosity, 
it seems to us that the interdependence of the two is 
so marked that one would be almost justified in claim- 
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ing electrical conductivity as merely another mani- 
festation of viscosity. 

Mr. Mack’s second point, having to do with the depth 
of the electrodes in the slag whose conductivity was 
being measured, is well taken. In our work a special 
assembly consisting of two platinum wire electrodes, 
each covered with a single-hole insulator, except for 
several millimeters of the wire tip, plus a thermo- 
couple tube, was hung into a 10-g assay crucible to the 
same depth in each case. The crucible was always 
filled up to the same mark with the slag to be 
measured. Calibration of the assembly was made in the 
same crucible by filling it with standard KCl solutions 
to the given mark. No variation in depth was possible 
except by creep of the slag (wetting) up the electrode 
insulators; this did not occur to any visible degree. In 
any case, the area of electrode exposed to the slag was 
exactly the same in all measurements. 

With regard to point one of the discussion, we can 
only say that we did not observe any bubbles in our 
slags, which were held in the liquid state for a con- 
siderable time prior to measurement of their electrical 
conductivity. This long holding time should also have 
allowed equilibrium conditions to obtain, another point 
which Mr. Mack brings to our attention. 

In replotting our data several readers found that 
some of our conductivity points were below the liquidus 
temperatures for the PbO-SiO, system and therefore 
in a two-phase region. We must confess that this was 
done inadvertently, although it is not too serious in 
that the straight-line relationships are not visibly 
affected. We did, however, note that the parallelism 
of our negative log conductivity vs. 1/T lines was not 
perfect, even though sufficiently marked to allow 
equations to be written and the relationship between 
the conductivity and composition to be derived. 

The isothermal (800°C) plot of negative log conduc- 
tivity vs. mol pct SiO,, given in fig. 4 was also con- 
sidered by the authors, but the existence of the cusp 
at 50 pct SiO, was not recognized and the temptation 
was strong to throw out the two deviating points in 
order to continue the straight line. This would give but 
one equation for the relationship between conductivity 
and composition and be quite convenient although in- 
accurate. The plot of the temperature-of-unit-conduc- 
tivity vs. mol pct SiO, was conceived as a device for 
obtaining unambiguous straight lines with all the 
points included. The misplot found by the discusser 
does not seem to be serious enough to change our 
straight line, inasmuch as our experimental error was 
of a greater order of magnitude than that of the work 
of the structural studies of slag systems. The authors, 
although apologizing for the error, would still have 
drawn the line as the best approximation available. 

We are prepared to admit that at least twice as many 
experimental points would be desirable for a more 
complete and satisfactory study of this slag system 
from a structural and energetics standpoint. We, how- 
ever, were pioneering with this system with the objec- 
tive of discovering straight-line relationships that 
would be useful as a basis for instrumental control of 
industrial slags. We are gratified that our data have 
been found useful in connection with the general pic- 
ture of the energetics of slag viscosities and electrical 
conductivities, and. wish again to express our appre- 
ciation of the painstaking analysis of our data made 
by Mr. Mack. 


References 


°G. Derge: The Distribution of Oxygen Between 
Molten Iron and Iron Oxide-Silica Slags. American 
Iron and Steel Institute. Yearbook (1949) p. 368. 

“K. Rasch and F. W. Hinrichsen: A Relation Between 
Conductivity and Temperature. Zeit. Elektrochemie. 
(1908) 14, 41. 

*J.S. Dunn: A Simple Kinetic Theory of Viscosity. 
Trans. Faraday Society. (1926) 22, 401. 


° A. L. Field and P. H. Royster: Slag-Viscosity Tables 


for Blast Furnace Work. U. S. Bureau of Mines. Tech- 
nical Paper 187 (1918). 

oA, LL. Field and P. H. Royster: Temperature-Vis- 
cosity Relations in the Ternary System CaO-Al,O,-SiO,. 
U. S. Bureau of Mines. Technical Paper 189 (1919). 

“RR. S. McCaffery: Research on Blast-Furnace Slags. 
Trans. AIME (1932) 100, 64. 

2R. Lorenz and H. T. Kalmus: Electrical Conduc- 
tivity of Fused Salts. Zeit. Physik und Chemie. (1907) 
59, 17; Viscosity of Fused Salts. ibid, p. 244. 

8 J. O’M. Bockris, J. A. Kitchener, S. Ignatowicz, and 
J. W. Tomlinson: The Electrical Conductivity of Sili- 
cate Melts: Systems Containing Ca, Mn, and Al. The 
Physical Chemistry of Process Metallurgy. Faraday 
Society. (1948) p. 265. 

“J. T. Littleton: Critical Temperatures in Silicate 
Glasses. Ind. and Eng. Chem. (1933) 25, 748. 

% J.T. Littleton and G. W. Morey: The Electrical 
Properties of Glass. (1933) John Wiley and Sons, Inc. 

1% K.-H. Sun and H. W. Safford: Some Properties of 
Soda-Silica Glasses at High Temperatures. Journal 
American Ceramic Society. (1945) 28, 11. 

“JR. Rait and A. T. Green: Viscosity of Slags and 
Glasses. Trans. British Ceramic Society. (1941) 40, 157. 

#*K. Endel and R. Kley: The Influence of the Chemi- 
cal Composition on the Temperature-Viscosity Rela- 
tionship of Acid Blast-Furnace Slags. Stahl und Eisen. 
(1939) 59, 677. 

”R. Hay: The Viscosity Determination of Blast- 
Furnace Slags. Journal, West of Scotland Iron and 
Steel Institute. (1941-1942) 49, 89. 

7 N. W. Taylor: Anomalous Flow in Glasses. Journal 
of Physical Chemistry. (1943) 47, 235. 

2C. H. Herty, Jr., F. A. Hartgen, J. A. Heidish, K. 
Metcalfe, F. G. Norris, and M. B. Royer: Temperature- 
Viscosity Relations in the Lime-Silica System. Mining 
and Metallurgical Investigations. Cooperative Bulletin 
47 (1930). 

» J. White and W. F. Ford: Discussion to ref. 13, p. 329. 

*L. C. Chang and G. Derge: An Electrochemical 
Study of the Properties of Molten Slags of the Systems 
CaO-SiO, and CaO-Al,O,-SiO,. Trans. AIME (1947) 
172, 90; Metals Technology (Oct. 1946) TP 2101C. 

“K. Endel, G. Heidtkamp, and L. Hax: Degree of 
Fluidity of Lime Silicates, Lime Ferrites, and Basic 
Open-Hearth Slags up to 2960°F. Arch. F. Eisenh. 
(1936) 10, 85. 

*K. Preston: The Viscosity of the Soda-Silica Glasses 
at High Temperatures and Its Bearing on Their Con- 
stitution. Journal Society of Glass Tech. (1938) 22, 45, 
235, 237, 260. 

*J. R. Rait, Q. C. McMillan, and R. Hay: Viscosity 
Determinations of Slag Systems. Journal Royal Tech. 
College of Glasgow. (1939) 4, 449. 

“HH. Hellbrugge and K. Endel: Technical Significance 
of the Relationship between Chemical Properties and 
Fluidity of Blast-Furnace Slags. Arch.-fur Eisenh. 
(1941) 14, 307. 

* J. M. Stevels: The Physical Properties of Glass in 
Relation to Its Structure. Journal Society of Glass 
Tech. (1946) 30, 31. 


es H. R. Lillie: High-Temperature Viscosities of Soda- 
Silica Glasses. Journal American Ceramic Society. 
(1939) 22, 367. 


*® Frenkel: Kinetic Theory of Liquids. Oxford. (1946). 


* Sisido: Journal Chem. Soc. Japan. (1942) 63, 1738; 
(1941) 62, 304 and 592. 


ane Endell and Hellbriigge: Glasstech., Ber. (1942) 20, 


“ Bockris, Kitchener, Ignatowicz and Tomlinson: 
Unpublished work. 


pie pre and Tomlinson: Research (1949) 2 (8), 


* Richardson: Faraday Society. Discussion (1948) 


1386—JOURNAL OF METALS, NOVEMBER 1950, TRANSACTIONS AIME, VOL. 188 


Thermodynamic Relationships in Chlorine 
Metallurgy 


by H. H. Kellogg 
DISCUSSION 


M. Rey—I wish to point out what appreciation we 
have in Europe for the pioneer work of the Bureau of 
Mines and particularly of Kelley in working out the 
“Contributions to the Data on Theoretical Metallurgy.” 
Every time one of these bulletins comes out, those of us 
who are interested in metallurgical calculations are 
eager to get a copy of it. 

Kellogg has rendered a service in compiling these 
data and in making them available in the form of the 
excellent Ellingham diagrams. The most important of 
these diagrams is, of course, the one concerning the 
oxides. 

The references at the end of the paper indicate the 
original publication of Ellingham and another one of 
Dannatt and Ellingham. A revised diagram for oxides, 
including a discussion on the accuracy of the various 
data, has been published by Richardson and Jeffes,®* of 


the Chemical Department of the British Iron and Steel 
Research Association. 

Still more recently, diagrams for oxides, sulphides, 
chlorides, sulphates, and carbonates have been pub- 
lished by Osborn.” 

The author pointed out that carbon is not a reducing 
agent for chlorides. Sometimes, a small amount of 
water vapor, present in the atmosphere of the furnace, 
may, unknown to the operator, change this situation, 
because the reaction of water-vapor with carbon pro- 
duces hydrogen which is a reducer for chlorides. An 
example of this is the minerals separation segregation 
process where copper, lead, and silver chlorides are 
reduced to the metallic form by carbon. 

The presence of at least a trace of water vapor in 
the atmosphere is important for chemical reaction of 
the process.” 
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Fundamental and Practical Factors in Ammonia Leaching of Nickel and Cobalt Ores 


and 


Separation of Nickel and Cobalt 


by M. H. Caron 


DISCUSSION 


O. C. Ralston—The fact that none of the organiza- 
tions that have worked on these ammoniacal leaching 
processes have contributed discussion of Mr. Caron’s 
papers today is a matter of some disappointment. 
Adaptations, modifications and improvements have 
been made by several organizations or individuals and 
to complete the record I want to document a number 
of them. ; 

The Nicaro Nickel Co. operated a Government owned 
plant at Nicaro, Oriente, Cuba, during the past war. 
A report on the project was written for Reconstruction 
Finance Corp. and is in the document file collected by 
the Office of Technical Services, Commerce Depart- 
ment and filed with the Library of Congress, where 
it can be consulted or bibliofilm or photostat copies 
obtained by asking for copies of PB 97271. Nicaro 
Nickel Co. has obtained a series of U.S. Patents, my 
list (probably incomplete) of which bears the follow- 
ing numbers: 2,400,098; 2,400,114; 2,400,115; 2,400,461; 
2,400,612; 2,458,902 and 2,473,795. 

_. International Nickel Co. has also studied the prob- 
lem and U.S. Patent 2,478,942 shows that some of the 
complications involving occasional low extractions have 
been unraveled. 

Forward, Samis, and Kudryk, of the University of 


British Columbia, have also published a study of 


copper-nickel sulphide concentrate.° 

Others are interested and it is evident that this type 
of hydrometallurgy is likely to find a happy applica- 
tion in the not-too-far distant future. Caron’s two 
papers practically amount to a summation of his life’s 
work on the important subject of nickeliferous iron 


O. C. RALSTON, U. S. Bureau of Mines, Washington, 
D. C.; M. REY, Ecole Nationale Supérieure des Mines 
de Paris, Paris, France. 


ores and the American Institute of Mining and Metal- 
lurgical Engineers is fortunate to have been chosen the 
medium of publication. 


M. Rey—The ammonia leaching process has been the 
subject of certain studies in New Caledonia, but at the 
present time, the conditions are not very favorable to 
its adoption. 

The process is a combination of a thermal and a 
hydrometallurgical process. As a result, the first costs 
and the operative costs are rather high. To counteract 
this unfavorable situation, it would be necessary to 
make a very high extraction. But unfortunately, the 
process is delicate and in spite of all of Caron’s valu- 
able work, there are still many unknown factors. It is 
difficult to obtain regularly a high extraction, exceed- 
ing 75 to 80 pct. 

It would be interesting to have the opinion of Inter- 
national Nickel on the process and to know what the 
Dutch are doing in Celébes. 


M. H. Caron (author’s reply)—I am quite familiar 
with the different types of nickel and cobalt ores as 
found on New Caledonia, and it may be pointed out that 
the Celébes ores are quite the same in their properties. 
Their behavior when treating the ores by the ammonia- 
leaching process is also alike and in my opinion, there 
is no reason why a high extraction of the New Cale- 
donian ores could not be obtained if the process is 
properly applied. 

For the sake of completeness I may add that one of 
my patents has not been discussed in the papers. This 
patent deals particularly with the treatment of serpen- 
tine nickel ores. (Netherlands No. 62693 40a, French 
No. 965,786 April 21, 1948, and Cuban No. 13,625 Jan. 
1950.) 


6F. A. Forward, C. S. Samis, and V. Kudryk: Trans. Canadian 
Institute of Mining and Metallurgy. (1948) 151 (Bull. 434) 350-355. 
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The Graphical Representation of 
Metallurgical Equilibria 
by C. J. Osborn 


DISCUSSION 


H. H. Kellogg—The free-energy relationships given 
in this paper are a welcome contribution to the metal- 
lurgical literature. The future value of this paper, 
however, will be largely dependent on the accuracy 
of curves presented by Dr. Osborn. In this connection 
there are several serious errors that should be brought 
to the attention of the reader. 

1. Dr. Osborn based his CaCl, calculations on 
AH°298 from Bichowsky and Rossini® and the entropy 
value determined by Kelley and Moore.” Use of these 
data result in AF°298 — —179,860 cal per mol of CaCl.. 
Fig. 3, on the other hand, indicates a value of about 
—130,000 cal for CaCl,. 

2. The use of the data of Bichowsky and Rossini 
for AH°298 and of Kelley™ for S°298 of 2NaCl, result 
in the value AF°298 = —183,820 cal for 2NaCl. Fig. 3, 
on the other hand, indicates a value of about —134,000 
cal for 2NaCl. 

The two errors referred to above are very large— 
too large to be attributed to inconsistencies in the 
data. The fact that both errors are about 50,000 cal 
suggests the idea that Dr. Osborn purposely sub- 
tracted 50,000 cal from these curves in order to fit 
them on his diagram and subsequently forgot to indi- 
cate the necessary scale correction. In any case, the 
large error in these curves should be brought to the 
attention of the reader. 

3. Fig. 7 has been plotted incorrectly. The term 
(R T In a) is shown to have a value of zero at 0°C 
for activities greater than unity. Since R and (In a) 
are both finite, positive quantities, and T has the value 
273.16° at 0°C, then (R T 1n a) must be finite at 0°C. 
The correct values of (R T In a) can be obtained from 
fig. 7 if the abscissa is read as degrees Kelvin instead 
of degrees Centigrade. 

4. Many of the curves deviate by one or two thou- 
sand calories from similar calculations that I have 
made, but these inconsistencies can be attributed to 
small differences in the basic data used to make the 
calculations. However, the very important curve for 
the reaction 2C + O, = 2CO, on fig. 1, deviates widely 
from modern accepted values in the high temperature 
region. One of the most reliable of modern sources 
for thermodynamic data, the “Selected Values of 
Chemical Thermodynamic Properties,” which is pub- 
lished by the U. S. Bureau of Standards, has reported 
the standard free-energy of CO(g) as a function of 
temperature (March 31, 1949). A comparison of these 
values with those read from Dr. Osborn’s curve are 
given in table III. 


Table III. Standard Free-Energy of CO(g) as a 
Function of Temperature 


AF° for 2C + O2 = 2CO 


— 


*Selected Osborn, 
°K °C Values” Fig. 1 

1,500 1,227 —116,740 —116,500 
1,700 1,427 —124,920 —125,000 
1,900 1,627 —133,000 —134,000 
2,100 1,827 —141,040 —144,500 
2,300 2,027 —148,960 —157,000 
2,500 2,227 —156,820 —170,000 


The error is appreciable above 1600°C and reaches 
about 13,000 cal at 2227°C. Since this is one of the 
curves that Dr. Osborn feels is reliable to + 1000 cal, 


the reader must accept with caution his reliability 
estimates. 


EE ES Nie a as ee Cae EP fearless 
H. H. KELLOGG, School of Mines, Columbia Uni- 
versity, New York, N. Y. 


It is unfortunate that these few errors were allowed 
to mar an otherwise valuable paper. 

C. J. Osborn (author’s reply)—Professor Kellogg’s 
interest in this paper is greatly appreciated. For the 
most part, he has correctly interpreted the inconsisten- 
cies which he has observed. The curves for CaCl, 
and 2NaCl should be labeled “CaCl, + 50 kcal” and 
“2NaCl + 50 kcal” respectively, and the abscissa of 
fig. 7 should obviously read degrees Kelvin. The last 
point was corrected in the Journal of Metals for July. 

It is unfortunate that the U. S. Bureau of Standards 
data sheet for the reaction 2C + O, = 2CO was not 
available when this paper was written. In construct- 
ing the curve shown in fig. 1, it was necessary to extra- 
polate the expression for the specific heat of carbon 
well beyond the limit of its validity. However, in this 
and in all other cases where extrapolation has been 
deemed to affect the accuracy of the curve, the nature 
of the line has been changed in accordance with table 
I. The high temperature portion of the CO curve was 
drawn as +3 kcal, although it now seems that +10 
keal would have been more correct. 


Titanium Investigations: Research and De- 
velopment Work on the Preparation of Titan- 
ium Chloride and Oxide from Titanium Mattes 


by R. G. Knickerbocker, C. H. Gorski, H. Kenworthy, and 
A. G. Starliper 


DISCUSSION 


In oral discussion at the Columbus midyear meet- 
ing, September 26, 1949, these pertinent questions were 
asked: 

Was a satisfactory separation of metal and matte 
obtained? The matte was quite fluid and in most cases 
the separation was satisfactory. 

Were the mattes chlorinated after aging? The mattes 
were stored in sealed glass mason jars, and chlorina- 
tion experiments made after standing for several weeks 
gave satisfactory results. 

Was ferric chloride volatilized? Most of the iron con- 
tent of the matte was converted to ferric chloride. 
However, because of the low chlorination temperatures 
used (150° to 250°C) the major part of the ferric 
chloride remained with the residue. Undoubtedly, some 
ferrous chloride was also formed, because of the re- 
ducing conditions within the reaction vessel, but no 
effort was made to separate it from the ferric chloride. 

Could the reaction be stopped before making metallic 
iron? No attempt was ever made to stop the reaction 
before making metallic iron. Generally, 20 to 60 pct of 
the iron in the charge was obtained as metallic iron 
which could be readily separated from the matte. In 
certain cases, metallic iron was dispersed through the 
matte in the form of globules, which could be removed 
by magnetic separation. 

Could other sulphides, i.e., calcium sulphide or 
sodium sulphide be used in place of iron sulphide? No... 
other sulphides were investigated. It was felt that 
titanates of calcium and sodium would be formed should 
these sulphides be used to replace the pyrite. 

What were the sulphur volatilization losses during 
matte smelting? In the course of this laboratory in- 
vestigation, a rather wide variety of variables was 
introduced from highly oxidizing to reducing condi- 
tions and various ratios of pyrite, rutile, and coke. 
These and other factors all have a definite bearing on 
the sulphur losses. In general, the higher the sulphur — 
in the charge the higher were the sulphur losses and 
the percentage of titanium in the matte decreased. 
With sulphur additions more nearly the theoretical 
amount, the sulphur losses averaged approximately 10 
to 15 pet. With a higher percentage of sulphur on the 
charges, the losses were in the order of 15 to 30 pet. 
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The Activity of Sulphur in Liquid Steel: 


? 


The Influence of Copper 


Terkel Rosenqvist 


and 


Earl M. Cox 


Steel melts of various sulphur and copper contents were brought in 
equilibrium with a H:S-H» gas mixture, the composition of which gives a 
measure of the escaping tendency of sulphur. It was shown that small 
amounts of copper lowered the sulphur activity, but not sufficiently to 

affect the desulphurization process. 


N a recent investigation, carried out at the Insti- 
tute for the Study of Metals, the affinity of sul- 
phur for iron, copper, and manganese was studied 
over the temperature range 700° to 1300°C.* It was 


found that copper exhibits a rather high affinity for © 


sulphur, especially at higher temperatures; and at- 
tention was called to the possibility that copper 
when present together with sulphur in liquid steel 
would tend to lower the chemical activity of sulphur 
and thus interfere with the desulphurization process. 
It was clear, however, that the data for the equilib- 
rium between pure copper and pure copper sulphide 
(Cu.S) could not give any quantitative information 
about the effect of copper when dissolved in liquid 
steel. E 

The present work is ‘concerned with the activity 
of sulphur in the diluted range of the binary iron- 
sulphur system, and with the influence of small 
amounts of copper on this sulphur activity. This in- 
vestigation is in principle based on the same method 
previously described for the binary metal-sulphur 


Fe ye SN Re 
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studies; * namely, reaction with hydrogen to form 
hydrogen sulphide. The equilibrium ratio Ps,s/Ps, in 
the equilibrium gas mixture is, for a given tempera- 
ture, directly proportional to the sulphur activity. 
The activity of sulphur in liquid iron has previously 
been studied by Chipman and Ta Li,’ White and 
Skelly,* and recently by Sherman, Elvander, and 
Chipman.” Morris and Williams® have studied the 
effect of added silicon, and Kitchener, Bockris and 
Liberman,’ and recently Morris and Buehl,' the effect 
of added carbon on the sulphur activity. 

In present day steelmaking processes the steel bath 
contains between 0.01 and 0.1 pct sulphur, and the 
copper content may be as high as 0.5 pct. The equi- 
librium gas ratio (H.S/H.) would, for such a low- 
sulphur content, be too low to be measured with the 
experimental technique we use. It has been shown 
by previous investigators that the H.S/H, ratio is 
closely proportional to the sulphur content up to 
about 1 pct sulphur. The sulphur activity at very 
low-sulphur content can therefore be calculated by 
linear interpolation between 0 and 1 pct sulphur. In 
order to show the general trend with increasing sul- 
phur content, the present work has been carried out 
to about 3.5 pct sulphur. As the effect of copper was 
assumed to be more a function of the Cu/S ratio 
than of the absolute copper content, the runs with 
copper were made for certain constant values for 
this ratio. 
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Fig. 1—Apparatus for study of sulphur activity. 


A. 
B. 
Cc. 
D. 
E. 
Ee 
G. 
ie 
J. 
K. 
L. 
M. 
N. 
P. 
R. 


Reaction tube 

AleOg crucible with melt 
Support 

Removable chimney 
Glass propeller 

Rotating magnet 

P20; 

Lock for admitting copper 
Thermocouple 

Prism for sighting optical 
pyrometer 

Stopcock for sampling 
Inlet for protecting gas 
Outlet for protecting gas 
Inlet for pure hydrogen 
Capillary for sampling 
from hot zone 


Experimental Procedure 


The apparatus (fig. 1) consisted of a gastight sys- 
tem, where the gas mixture, H, and H.S, circulated 
through the reaction tube A, came in contact with 
the steel melt, and equilibrium between the melt 
and the gas was established. 

The source of heat was a molybdenum-wound re- 
sistance furnace with a gastight mullite core. The 
furnace case was made sufficiently gastight to hold 
an atmosphere of hydrogen and nitrogen which pre- 
vented oxidation of the molybdenum windings.* The 
inner reaction tube A was also of mullite which was 
the only refractory that proved to be completely 
gastight at 1500° to 1600°C. 

A heavy gauge Pt—Pt-13 pct Rh thermocouple was 
inserted between the two mullite tubes. It was used 
to operate the automatic temperature controller, and 


*It was found that, due to the high heat conductivity of hydro- 
gen, the heat losses and consequently the power consumption, were 
20 to 30 pct higher when pure hydrogen was used as a protecting 
atmosphere rather than a mixture of about equal amounts of 
hydrogen and nitrogen. For some runs a gas mixture with only 20 
pet hydrogen was used without harming the winding. 


could also, when corrected for the temperature dif- 
ference between the thermocouple and the melt, be 
used to read the temperature of the melt. The ther- 
mocouple was checked after each heating period by 
comparison with a standard thermocouple. It stood 
up remarkably well, and only minor changes with 
time were observed for runs at 1550°C. The tem- 
perature readings for these runs are regarded as 
correct to 5°C. 

Steel melts of about 100 g were used. They were 
made up of “Puron” iron to which pure iron sulphide 
(FeS) was added in varying amounts. Additional 
amounts of either iron sulphide or electrolytic copper 
could be added as beads through a “lock” consisting 
of a large stopcock with one end of the bore closed 
(fig. 1). This permitted the introduction of material 
during the run without any gas leaking into or out 
of the system. 

The use of rather large steel batches has the ad- 
vantage that only a small fraction of the total sul- 
phur (less than 1 pct) has to be transferred across 
the metal-gas interface to give the equilibrium H,S 
concentration in the gas. This means a rapid ap- 
proach to equilibrium; and it also means that the 
sulphur content of the melt stays, for all practical 
purposes, constant during the run, even if the HS 
content of the gas changes considerably. A large 
steel batch also means that any contamination, such 
as silicon, transferred through the vapor from the 
mullite tube, will be diluted to insignificance. 

Crucibles made of pure sintered aluminum oxide 
proved to be very satisfactory. No reaction seemed 
to take place between the crucible and the atmos- 
phere, or between the crucible and the melt. The 
steel ingot did not stick to the crucible and could, 
after cooling (in liquid nitrogen if necessary), be 
easily removed. One crucible was analyzed after the 
run and no significant amount of sulphur could be 
detected.7 

The crucible was supported on a tube of sintered 
aluminum oxide, and the outlet tube for the gas was 
of the same material. Thus all refractories in the 
immediate vicinity of the steel bath were free of 
silica. 

A very small amount of water vapor was formed 
during the runs with aluminum oxide crucibles. 
This is probably due to a slight reduction of the re- 
fractories, and to reduction of any oxides that may 
be present in the iron. In order to remove this water 


vapor from the gas some P.O; was placed in the cold 
part of the system (fig. 1). 


After the furnace was brought to the desired tem- 
perature, equilibrium between the melt and the gas 


j For a number of runs, crucibles of stabilized zirconium oxide 
were tried. These crucibles that had proved very useful for melts 
free of sulphur, were severely attacked by the sulphur in the gas 
as well as in the melt. As water was observed condensing in the 
cold part of the system, the reaction was assumed to be of the 
nature é 

ZrO2 + 2HeS = ZrSe + 2HeO 
It is of interest to notice that in all these runs considerably higher 
H2S/H2z values were found than in runs with alumina crucibles. 
This phenomenon cannot readily be explained. 
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was established in less than 4 hr. Gas samples for 
analysis (about 50 cc) were drawn from the system 
4, 5, and 6 hr after the desired temperature, or steel 
composition, was established. 

In a previous paper’ the factors that tend to change 
the composition of the gas mixture when passing 
from the hot to the cold zone of the system have 
been discussed. These are: (1) thermal diffusion, i.e., 
inhomogeneity of the gas mixture due to difference 
in molecular weight of hydrogen and hydrogen sul- 
phide, and (2) formation of additional H.S by cool- 
ing due to a shift of the following equilibrium to 
the right: 

H, + %S. = HLS 


It was originally assumed that the rate of circula- 
tion (about 1 cc per sec) was high enough to reduce 
the thermal diffusion to a minimum, so that the gas 
mixture in the cold zone was representative of the 
gas in equilibrium with the melt. In the early part 
of the work, samples were drawn from the cold part 
of the system. However, it was found that the circu- 
lation of the gas was not rapid enough to overcome 
thermal diffusion. Samples were then drawn from 
the hot zone right above the surface of the melt. For 
this purpose a capillary of pure aluminum oxide was 
inserted into the furnace (R, fig. 1). The gas inside 
the capillary was withdrawn and disposed of im- 
mediately before the samples were drawn. The H,S/ 
H, values thus obtained were 10 to 25 pct lower than 
the values obtained by sampling from the cold zone, 
the larger deviation being for the lower H,S con- 
tents. 

The partial pressure of S, in the hot zone is so 
small that the amount of H.S formed by cooling will 
be about 1 pct of the total H.S. This correction has 
not been applied in this work. When samples were 
drawn from the hot zone in a fraction of a second 


a'——O——- Fe -S_ (Samples from cold zone) 


A ——t—— Fe-S (Samples from hot zone) 


t=1550°C 


(0) 0.5 1.0 iS 2.0 Cane 3.0 35) 
2 Weight Percent Sulphur 


Fig. 2—Variation of H,S/H, with wt pet sulphur 
> for copper-free melts. 


Table I, Experimental Runs (1550°C) 


H2S 
+ 108 
Run No. S, Pct Cu, Pct Cu/S(Wt) He 
Fe(S) — 63 0.93 2.46 
67 0.50 1.50 
68 0.98 2.43 
69 1.92 4.27 
70 2.91 5.91 
71 3.60 6.98 
72 0.49 Lor 
73 0.49 0.64 1.29 1.50 
74 0.49 1.95 3.97 1.40 
0} 1.53 6.04 3.95 2.95 
76 2.50 5.42 
17 2.43 3.01 1.24 4.39 
78 2.28 9.03 3.96 372 
79 3.40 13.48 3.97 4.66 


there was some question as to whether the recom- 
bination of H, and S, actually took place. 

The H.S content of the gas was determined iodo- 
metrically by means of the same method described 
in a previous paper;* the only difference was that 
the titration was performed in a hydrochloric acid 
solution rather than the acetic acid solution. These 
analyses agreed within a few percent and an average 
of the three was used. 

Each heating period lasted for about 30 hr. During 
this time the equilibrium value was established for 
four different compositions. 

In a few cases sulphur and copper were deter- 
mined in the solidified ingot. For this purpose a rep- 


resentative sample (a % sector of the ingot) was 
cut out, dissolved to completeness in aqua regia, and 


analyzed gravimetrically.t+ The analytical results 
agreed satisfactorily with the compositions calcu- 
lated from the amounts of iron sulphide and copper 
originally added, corrected for sulphur losses to the 
atmosphere. Therefore, for all other runs the com- 
position of the melt was calculated and not deter- 
mined by analysis. The fact that it is possible to 
keep a material balance of all sulphur and copper 


+ Thanks are due to R. E. Fryxell for the chemical analysis. 
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Fig. 3—Variation of H,S/H, as copper is added to 
the melt. 
Figures in parentheses are: to the left, initial sulphur con- 


tent of the melt; to the right, final sulphur content after 
dilution with Cu. 
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added to the steel bath shows that in these runs 
(all with aluminum oxide crucibles) no significant 
amount of sulphur was picked up by the refractories. 
A typical ingot, Fe(S)-71, was analyzed spectro- 
graphically and showed the following impurities: 
Al, 0.002 pct; Si, 0.06 pet; Co, 0.002 pct; Cu, 0.003 
pet; and Ni, 0.01 pct. 


Experimental Results 


The results for those runs where aluminum oxide 
crucibles were used and samples were drawn from 
the hot zone are listed in table I. These runs were 
made at 1550°C. 

The Copper-Free Melts: Curve A (fig. 2) is based 
on samples drawn from the hot zone and gives the 
equilibrium H.S/H, values against weight percent 
sulphur for pure iron-sulphur melts at 1550°C. 
Curve A’ gives the corresponding values for samples 
from the cold zone. It is apparent that these latter 
values show a considerably greater scattering than 
the values in curve A. Curve A gives for 1 pctS a 
H.S/H, ratio of 2.55-10°. The curve has its greatest 


curvature between 1 and 2 pct S and does not seem 


to be perfectly linear even below 1 pct S. For very 

ES ; 
H,-%S is about 
2.8-10°. These values are slightly higher than those 
reported by Sherman, Elvander and Chipman.’ 

The Influence of Copper: Copper was added in 
portions corresponding to weight ratios of copper 
and sulphur equal to about 1.3 and 4. The latter 
ratio corresponds closely to the stoichiometric com- 


low-sulphur content the ratio 


2 


S oh 
y, Tatio in 


position (Cu.S). Fig. 3 shows how the 


the gas decreases as copper is added to the melt. In 
this figure are included, for comparison, the data 
obtained by sampling from the cold zone, and they 
show the same general trend. 


A —1+— Fe-S (Sample from hot zone) 


B —-~-O---—Fe-S-Cu Cu/S=vI1.3 


C —-A—- Fe-S-Cu Cu/SX4 


0 05 1.0 1.5 2.0 25 3.0 35 


Weight Percent Sulphur 


Fig. 4—Variation of H,S/H, with wt pct sulphur 
for copper-free and copper-containing melts. 


Copper @ 


& Iron a Sulphur 

Fig. 5—Two-dimensional sketch of the suggested 

atomic arrangement for an iron-copper-sulphur 
melt. 


One Fe-Cu-S cluster is indicated at the lower right. 


2 


H 
The variation of ize 


with weight percent sul- 


phur for both copper-free and copper-containing 
melts is shown in fig. 4. At high-sulphur concentra- 
tion the sulphur activity is lowered as much as 30 
pet when copper is added in amounts corresponding 
to Cu.S. At lower sulphur concentrations the effect, 
absolute as well as relative, becomes less pro- 
nounced, and below about 0.5 pct S it is within the 
limits of experimental error. 

It can thus be concluded that the presence of 
copper alone will not cause any great lowering of 
the sulphur activity in an iron-sulphur melt with 
sulphur content of the order of magnitude 0.01 to 
0.1 pct. Even if nothing can yet be stated for certain 
about the effect of copper in a complex steel bath 
containing elements such as carbon, silicon, and 
manganese, it is most likely that the effect is too 
small to hinder the desulphurization process seri- 
ously. 

_ The possible effect of copper on the sulphur con- 

tent of steel is, therefore, limited to reactions at 
temperatures below melting where metallic copper 
in scrap may be able to pick up sulphur from the 
heating gases and form a separate copper sulphide 
phase, and thus raise the initial sulphur content of 
the steel bath. 


Discussion of Results 


The effect of copper on the sulphur activity is 
small but apparent. A traditional explanation would 
be to say that some of the sulphur in the steel is 
present as Cu.S and the remaining as FeS, the rela- 
tive amounts being determined by the equilibrium: 


FeS + 2 Cua Fe + CuS 


A constant for such an equilibrium can be estab- 
lished;® but it will have a formal meaning only, and 
little physical reality, particularly because rather 
arbitrary assumptions have to be made regarding 
the relation between chemical activity and concen- 
tration of the reactants. 
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A more satisfactory, although still qualitative, 
interpretation of the results will be along the lines 
pointed out by Chipman” in his discussion of the 
oxygen activity in liquid steel and the influence of 
a third element. Fig. 5 is copied after Chipman’s pic- 
ture of the most likely atomic arrangement in a 
steel melt where an addition of chromium lowers 
the activity of dissolved oxygen. The sulphur atoms 
will be tied by somewhat stronger forces to the 
copper atoms than to the iron atoms and will be 
enriched in the neighborhood of the copper atoms. 
As a consequence of the stronger forces binding it 
to the melt, the sulphur will have a lower escaping 
tendency, and therefore a lower activity. 

This picture has also another implication. The two 
binary systems, Fe-Cu and Fe-FeS, show strong 
positive deviations from ideal mixing. One should 
expect that copper atoms form short range clusters 
in the Fe-Cu system and sulphur atoms (most likely 
as second nearest neighbors) form clusters in the 
Fe-FeS system, and that the binary melts will have 
a tendency to separate into two immiscible liquid 
- phases. In the ternary Fe-Cu-S melt, where the sul- 
phur atoms will attract the copper atoms to form 
as many strong Cu-S bonds as possible, these two 
types of clusters will unite, and the tendency for 
separation into two liquid phases will be stronger. 
This is exactly what happens. The ternary diagram 


Fe-Cu-S is characterized by an extensive region of 
liquid immiscibility between a sulphide melt en- 


riched in copper and sulphur, and a “steel” melt 
enriched in iron.” If the sulphur atoms had the great- 
est affinity for iron, the two types of clusters would 
have remained separated, and the ternary melts 
would have no greater tendency for immiscibility 
than the binary. 


Summary 


The chemical activity of sulphur in liquid iron 
has been studied by means of the reaction 


S(dissolved) ++ H.(g) = H.S(g) 


Small amounts of copper were added to the iron- 
sulphur melts and a decrease in the sulphur activity 
was observed. This decrease is rather pronounced 
~ for large sulphur contents whereas for sulphur con- 
tents below 0.5 wt pct S the effect of copper is 
within limits of experimental error (fig. 4). It is, 


__-therefore, concluded that the presence of small 


amounts of copper will have no significant effect on 
the sulphur activity in an openhearth steel bath or 
on the desulphurization process. 

A. structural model for the iron-copper-sulphur 
melt is suggested. 
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Transactions 


a 


DISCUSSION, C. E. Sims presiding 


C. W. Sherman—I would like to compliment the 
authors on a new approach to the same problem that 
is being studied at Massachusetts Institute of Technol- 
ogy. 

There are several points with which I can concur. 
We had trouble with contamination of the crucibles 
due to H,S being absorbed in the alumina. However, 


when we went to a very pure alumina that had been 
specially purified, we got a very low pickup on the 


crucibles. The effect of silicon contamination had been 
studied by Morris and Williams and a correction 
should be applied whenever possible. 

I think it is a little bit too early to conjecture about 
the construction of the melts. In a thermodynamic 
study, I think it is better to collect the thermodynamic 
data and not worry too much about whether the copper 
likes the sulphur better than the iron likes the sulphur. 

R. C. BuehI—I merely wanted to say that we had 
tried the effect of adding copper and also found that it 
lowered the activity coefficient of sulphur to a very 
small extent, similar to what was found in this in- 
vestigation. 

T. Rosenqvist (authors’ reply)—As far as the purity 
of the refractories and possibility for sulphur pickup 
are concerned, the crucibles, as well as the chimney 
tube we used, were of high purity from Norton Co. 
They contained more than 99 pct aluminum oxide, the 
rest being mostly sodium. No silica was reported, and 
no significant sulphur pickup could be detected. The 
silicon in the metal was most probably due to silica 
in the mullite tube which was reduced and transferred 
through the vapor to the melt. 

The presence of silicon to the order of 0.05 pct will, 
according to the work by Morris and Williams, in- 
crease the sulphur activity by about 1 pct. This I re- 
gard as insignificant. 

The atomic arrangement that I suggested is sketchy 
and preliminary. I think there has been too much talk 
in the other direction, such as discussions whether the 
sulphur is present as iron sulphide or copper sulphide. 
I merely wanted to suggest another alternative. 


C. W. SHERMAN, formerly Massachusetts Institute 
of Technology, Cambridge, Mass., now Latrobe Electric 
Steel Corp., Latrobe, Pa.; R. C. BUEHL, U. S. Bureau 
of Mines, Pittsburgh, Pa. 
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Graphite-Rod Hairpin-Resistor Radiation Furnace 


For High Temperatures 


by W. J. Kroll, W. W. Stephens, and J. P. Walsted 


cee the production of carbides, various furnace 
types are available, especially those using arc, 
resistance, and high-frequency heating. Selection 
of a specific means of heating depends primarily on 
the material to be treated and the physical proper- 
ties of the carbide produced. In the present case, 
zirconium carbide had to be prepared on an indus- 
trial scale as a raw material for the production of 
anhydrous zirconium chloride. Considering that a 
rather expensive pure oxide was to be used, the arc- 
furnace treatment recommended for zircon sands in 
a previous publication’ was ruled out because of the 
considerable volatilization and dust losses caused by 
the blast of the arc. For this reason, either high- 
frequency or resistance heating seemed to offer 
more promise. Since there was not enough eapacity 
of the former available, resistance heating was 
chosen. 

It was first thought that the Acheson silicon car- 
bide furnace would be suitable for the present pur- 
pose, but the voltage in such a furnace, in which the 
current passes through the batch, varies from 220 
to 75 v from the start to the end of a run. This 
variation is so great that a special tap transformer 
would have been required. Trouble was also ex- 
pected by local melting of the carbide. Pure zircon- 
ium carbide melts at about 3527°C, but the melting 
point is brought down to 2427°C, according to Agte,” 
when an excess of 6 pct C is present in the carbide. 
This we found confirmed by experiments in a high- 
frequency furnace. Excess carbon is needed in the 
batch to obtain a complete reduction. Fusion of the 
charge would cause great difficulties in an Acheson- 
type furnace because of the good electrical con- 
ductivity of the carbide as compared with that of 
the loose batch. Also, fused carbide is much more 
difficult to chlorinate than the spongy product that 
can be made in the radiation furnace described 
below. It was apparent that, to obtain a good-qual- 
ity zirconium carbide, the heat input would have to 
be well-controlled. The hairpin-resistor principle 
seemed to offer possibilities in this regard, and a 
furnace of this type was therefore developed. 

The advantages of the hairpin-resistor radiation 
principle have been discussed in previous publica- 
tions, and a split-tube graphite-resistor furnace,* 
now increasingly used in various laboratories, as 
well as a centrifugal quartz melting furnace’ of this 
type, has demonstrated the usefulness of this heat- 
ing method. 
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J. P. WALSTED are Metallurgists, Northwest Electro- 
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TP 2971 E. Discussion (2 copies) may be sent to 
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received Aug. 16, 1950; revision received Sept. 25, 1950. 


The hairpin-heater element has the following 
definite advantages over a straight resistor of the 
type used, for instance, by Georges: Its resistance is 
four times greater; it can expand freely; it is sturdier 
because of the larger diameter, and it has a larger 
radiation surface; there are no hot contacts that 
might wear out or overheat; only one clamp is used 
which permits assembling all electrical leads at one 
side of the furnace, making the other sides easily 
accessible to the operator. The shorter element and 
its larger diameter permit greater concentration of 
heat. 

The furnace developed is shown in fig. 1. The box 
(1), made of 2%-in. graphite plates, has inside 
dimensions of 23x17x16 in. It contains the briquet- 
ted batch (2). The box is embedded in lampblack 
(3) up to the cover plate. The cover plate contains 
an opening for the gas escape (4) and for the obser- 
vation hole (5), which permits measuring the tem- 
perature with an optical pyrometer. The cover plate 
is embedded in charcoal (6). The lampblack is con- 
tained in the insulating brick lining (7), held in the 
Y%-in. sheet steel box (8). The graphite box is set 
on two rows of triangular graphite bars (9). The 
hairpin-heater element (10), the dimensions of 
which are given below the main drawing, extends 
horizontally in the graphite chamber and radiates 
freely on the batch. A graphite tube (11) keeps the 
lampblack from falling into the slot. The split 
electrode, which in reality is turned 90° against the 
drawing, is so arranged that the slot is vertical. The 
water-cooled packing gland (12) is insulated by an 
airgap from the heater element. A thin pipe (13) 
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Fig. 1—Zirconium carbide furnace. 


5 Gropkite box 11. Graphite tube 


1 
2. Batch 12. Water-cool 
3. Lampblack insulation 13. Nitrogen caren 
4. Gas escape pipe of graphite 14. Clamp flange with 
5. Observation hole rubber gaskets 
6. Charcoal cover 15. Asbestos sheet insulator 
7. Insulating brick lining 16. Water-cooled electrode 
8. Steel plate shell clamp 
9. Triangular supports of 17. Bus bars 
graphite 18. C clamp 
10. Hairpin-heater element 19. Transite plugs 
of graphite 20. Adjustable L-holder 
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permits introduction of nitrogen in this gap. Two 
rubber gaskets make the joint between the flange 
(14) of the split clamp and the gland. The slot con- 
tains an insulating sheet of asbestos board (15) 
within the clamp. The water-cooled electrode clamp 
(16) is connected with flexible cables to the trans- 
former by way of the bus bars (£7)2- ANG. clamp 
(18) pinches the two halves of the electrode clamp 
together to make good contact with the electrode 
and is insulated from this clamp by transite spacers 
(19). The flange of the electrode clamp is pressed 
tightly against the gland with the adjustable hold- 
ers (20). Loose asbestos is packed in the slot be- 
tween electrode clamp halves to make a tight joint. 

The results obtained with this furnace will be 
described with one typical example. A batch of 234 
lb was made up of 170.3 lb of pure zirconium oxide, 
46.7 lb of lampblack, and 7 lb of dextrine. The oxide 
and carbon were intimately mixed in a concrete 
mixer, and dextrine was added as water solution. 
The damp mixture was briquetted in a 50-ton 
briquet press, making two 9x414-in. bricks in one 
stroke. The specific pressure was only about 1230 
psi. The bricks were dried in a core oven at 250°F 
(120°C). They were deposited in the graphite con- 
tainer of the carbide furnace with some spacing 
between each two to permit free escape of gas. The 
upper layer was so arranged as to leave a channel 
for the split heater electrode. A direct contact of 
the batch with the resistor must be avoided. 

The temperature, voltage, and power input of this 
run are plotted against time in the diagram, fig. 2. 
The voltage varies only between 28 and 23 v. It can 
-be seen that the temperature of 1657°C, at which 
the CO pressure of the carbon-zirconium oxide mix- 
ture reaches 1 atm, according to Prescott,’ is ob- 
tained after about 2 hr. Lorenz gives slightly higher 
reaction temperatures.” Kieffer* reduces at 1700° to 
1800°C. Rapid gas evolution is observed at 1800°C. 
After holding for 11 hr at or above this limit, the 
temperature tends to rise because most of the re- 
action, which consumes power, is over. At this 
moment the power input is reduced by tap change, 
and the batch is held to 1900° to 2000°C for 4% hr. 
The total time of this run was 19% hr. It took 2 
days to cool the furnace to room temperature, which 
makes one cycle last about 3 days. Artificial cooling 
might be applied. 

The power consumption, measured at the meter, 
was 920 kw-hr. Since the output of carbide was 161 
lb, the power consumption amounted to 5.72 kw-hr 
per lb of carbide produced. The weight loss of 73 
lb observed for the 234-lb batch represents, accord- 
~— ing to a calculation, a conversion of oxide to carbide 
of better than 99 pct. The average zirconium con- 
tent of 7200 lb of carbide made in various runs was 
78.15 pet. A metal balance made after processing 
— 4200 lb of oxide showed a loss of only 2.1 1b, which 
is negligible. 

The carbide made in the radiation furnace is a 
porous, gray-black mass, with inclusions of excess 
carbon. It is friable and disintegrates in the chlor- 
ination. This carbide was found to chlorinate much 
better than the dense product made by fusion in the 
arc furnace. 

The radiation furnace is a good tool for producing 
various high-melting carbides, but its limitations 
must be stressed. When used for reducing readily 
reducible ores or oxides in which carbon dioxide is 
formed, the resistor is burned up at a rapid rate. 
Even with zirconium oxide, it appears that the re- 
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Fig. 2—Performance data of zirconium carbide 
furnace. 


Temperature, voltage, and power input in function of time. 
A—Temperature. B—Voltage. C—Power input. 


sistor is consumed by carbon dioxide, which may 
form in the early phase of the reduction. Another 
cause for the attack of the electrode is the presence 
of moisture in the batch. With zirconium oxide as 
raw material, one electrode lasts three runs, which 
represents a graphite consumption of about 0.065 
lb per lb of carbide produced. It would not be ad- 
visable to reduce zircon sands in the radiation fur- 
nace, since the product obtained initially in this 
reduction is zirconium silicide, which fuses at about 
1350°C and would liquate to the bottom of the 
graphite box, where it would cause heavy corrosion 
of the graphite plates. 


Conclusion 


The hairpin graphite-resistor radiation furnace is 
well-adapted for producing zirconium carbide from 
oxide at temperatures between 1800° and 2000°C 
with 100 pct recovery of the zirconium content. The 
power consumption in a rather small furnace is only 
about 5.7 kw-hr per lb of carbide produced. The 
voltage variation during the run is slight, so that 
cheap transformers can be used to supply the 
energy. The carbide obtained is of very good qual- 
ity as far as its amenability to chlorination is con- 
cerned. The furnace described may be well-adapted 
for producing other high-melting carbides or 
borides, such as titanium carbide or boride. It can- 
not be recommended for reducing oxides that 
develop large quantities of CO., since this gas con- 
sumes the electrode at a rapid rate. 
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Technical Note 


Production of Titanium from TiCl, in an Arc Furnace 


by L. D. Jaffe and R. K. Pitler 


T would clearly be advantageous to produce 

molten titanium, suitable for alloying and cast- 
ing, directly from the relatively inexpensive tetra- 
chloride, without using a metallic reducing agent. 
Accordingly, a preliminary investigation has been 
made of the production of titanium by hydrogen 
reduction of the tetrachloride in an electric arc 
furnace. 

For the reaction: 

TiCL(g) + 2H.(g) > Ti(s) + 4HCl(g), 


Lockhart and his colleagues’ have calculated 
equilibrium constants at 800° to 1500°K, based 
on tables of Brewer.’ Extrapolating these data on 
the assumption that the heat of reaction varies 
linearly with temperature, and using Brewer’s value 
for the heat of fusion, there is obtained for the re- 
action: 
TiCL(g) + 2H.(g) > Ti(l) + 4HCl(g) 


an equilibrium constant at 2100°K (100° above the 
melting point) 


K, = (ucr)*/Prici, (Pas)* = 0.167 atm. 


If this is correct, starting with hydrogen saturated 
with TiCl, at 25°C, where the vapor pressure of the 
latter® is 12.6 mm, and maintaining the overall pres- 
sure at 1 atm, 99% pct of the TiCl, would be re- 
duced to Ti at equilibrium. 

An arc furnace designed for the melting of titan- 
ium and lined with water-cooled copper was used 
for the preliminary experimental check. Its inside 
diameter was 2 7/16 in. and height 6 in. The water- 
cooled electrode was tipped with %4 in. diam tung- 
sten. In the one run carried out, the furnace was 
charged with a starting batch of 293.35 g of scrap 
titanium,* analyzing 99.24 pct Ti. After the system 
was twice pumped out and flushed with argon to 
remove air, the arc was struck in argon and kept at 
400 amp de, electrode negative, for 1 min to melt 
the starting batch. Commercial tank hydrogen, 
dried by passing over silica: gel and bubbled through 


technical grade TiCl, at room temperature, was then | 


admitted to the furnace. The inlet tube directed this 
gas downward toward the are and melt; the gas 
outlet was at the top of the furnace. The quantity 
of gas passed through was not measured accurately 
but is estimated to be about 50 liters per min at a 
few mm of mercury above atmospheric pressure. 
The arc was held in the H,-TiCl, mixture at 400 
amp with little difficulty. After 10 min the arc 
burned through the copper lining above the melt, 
admitting water and ending the run. (This had 
happened frequently in straight melting runs under 
argon, and is not thought due to the atmosphere 
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used.) In the furnace were found an ingot, several 
small pieces, and a little metallic powder, evidently 
formed when water entered the hot furnace. Some 
titanium also clung to the electrode. The portions 
were weighed and separately analyzed for titanium. 
Their total weight was 321.76 g of 94.82 pct overall 
purity. Much of the impurity consisted of tungsten 
broken off when the titanium was removed from the 
electrode. No detailed impurity analysis was made 
because the starting materials were impure and 
flooding the furnace introduced further contamina- 
tion. 

Thus, the metal recovered contained 305.08 g Ti, 
as compared to 291.12 g in the starting batch. 
Titanium could not have been carried over from 
previous melting runs in the furnace, as the interior 
was sandblasted and the electrode ground clean 
before the run. Evidently at least 13.96 g of Ti 
were produced from TiCl,.. Since this would require 
complete reduction of 430 liters of TiCl, gas at 12.6 
mm of Hg, the efficiency of the process must have 
been rather high. 

Experimental work is continuing. No reason is 
seen why the process could not be scaled up to the 
size of a 30-ton steel-melting arc furnace. In a 
large unit there would-be a large molten pool from 
which liquid metal could be withdrawn for alloying 
and casting. The problems of electrodes and power 
supply are similar to those arising in are furnaces 
for melting titanium. Unreacted TiCl, and the HCl 
in the exhaust gases could be recovered; unreacted 
H, could be dried and re-used. 

The melt would be saturated with hydrogen, 
whose solubility in liquid titanium is unknown. 
Small amounts of hydrogen seem to have little 
effect on the properties of titanium.’ If the amount 
introduced was so large as to impair properties or 
cause casting difficulties, it could be reduced by 
holding the melt under an inert gas or by pumping 
on it, prior to casting. 
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Production of Malleable Zirconium on a Pilot-Plant Scale 


by W. J. Kroll, W. W. Stephens, and H. P. Holmes 


A pilot plant producing 600 Ib of zirconium sponge a week is described. 

It comprises an arc furnace to make zirconium carbide, a chlorinator pro- 

ducing raw chloride, a purification vessel to eliminate zirconium oxide 

and iron from this chloride, two reduction vessels, two vacuum retorts for 

salt separation, and a graphite resistor vacuum furnace to melt ingots. 

A layout of the plant, power consumption, operation schedules, and pro- 
duction costs are given. 


a ere only two methods for producing commercial 


quantities of malleable zirconium, up to now, 
have been using magnesium reduction of the anhy- 
drous chloride under a neutral gas, and using puri- 
fication of raw zirconium by the iodide dissociation 
method on a hot filament. The purity of the metal 
obtained by the latter process is about the same as 
that resulting from the chloride reduction, with the 
exception of the oxygen content, which may be 
about 0.05 pct lower in the iodide metal. Even traces 


-of oxygen have a strong hardening effect on zir- 


conium. Since, in the iodide process, the impurities, 
Si, Al, Fe, Ni, and Mg in the raw zirconium used, 
are carried over, it would appear uneconomical to 
use this method of refining solely to eliminate the 
traces of oxygen, unless very soft metal is desired. 
One Important step to improve the iodide method, 
namely, dissociating pure iodide made from carbide 
and recycling the iodine, which would change this 
refining process into a method for extracting zir- 
conium from the ore, has not yet been made. The 
Bureau of Mines, by using the chloride reduction, 
wanted to produce quantities of a reasonably pure 
and malleable metal at low cost for large-scale in- 
dustrial use. This aim has been achieved, and a pilot 
plant permitting production of 600 lb of malleable 
zirconium per week will be described (fig. 1). 
Briefly, the Bureau of Mines process consists of 
reducing purified gaseous anhydrous zirconium 
chloride with fused magnesium under a noble-gas 
atmosphere. The reaction product, magnesium chlo- 
ride, and any excess magnesium metal present are 
removed from the sponge zirconium in the next step 
by fusion and evaporation in a good vacuum at about 
925°C. In this process, care is taken to keep air out 


- of contact with the hot metal, which otherwise would 


contaminate the product with oxygen and nitrogen. 


‘Both these impurities embrittle zirconium even 


when present in an amount as low as 0.1 pct. 

A number of previous reports’* describe the 
method and the various improvements that finally 
led to a workable process. The major steps made 
were the production of large quantities of carbide, 
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Fig. 1—View of pilot plant. 


which is the raw material for producing the chlo- 
ride, its chlorination with reasonable efficiencies, 
and the elimination of iron trichloride contained in 
the raw chloride, as well as that of the zirconium 
oxide which is always present in this product. The 
physical nature of the anhydrous chloride, which 
sublimes at 331°C at atmospheric pressure and melts 
at 420°C under a pressure of 25 atm, made it neces- 
sary to provide a special safety device on the puri- 
fication and reduction vessels in the form of a lead- 
alloy seal, permitting escape of excess gases if pres- 
sure tended to build up. The main difficulties encoun- 
tered in the reduction and in the following step, salt 
separation in a vacuum at elevated temperature, 
were caused by the material from which the re- 
action pot was constructed—iron. This metal reacts 
with zirconium at about 940°C with formation of a 
eutectic. The last step, salt separation by evapora- 
tion of the magnesium and magnesium chloride in a 
vacuum, is quite unconventional and has not been 
used before on such a scale. It is only due to the 
improved construction of high-vacuum pumps, espe- 
cially oil-diffusion pumps, that such a method could 
be used. 

The various steps of the Bureau of Mines process, 
as described in the general outline above, may be 
summarized as follows: (1) production of the car- 
bide, (2) chlorination of the carbide, (3) purifica- 
tion of the raw chloride, (4) reduction of the pure 
chloride with fused magnesium, (5) separation of 
excess magnesium and magnesium chloride in 
vacuum at elevated temperature, and (6) melting of 
the sponge obtained. 


Production of Carbide 


The arc furnace, described in a previous report,” 
was improved both to reduce the graphite consump- 
tion caused by the burning of the bottom plates and 
to concentrate the heat in order to obtain better 
power efficiency. This was achieved by providing the 
bottom with graphite plates entirely embedded in 
refractory bricks, the contact with the current be- 
ing made with three water-cooled copper plugs. Figs. 
2 and 3 show the arrangement. The crucible, made 
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Fig. 2—Arc furnace. 


1. Furnace shell. 2. Refractory lining. 3. Steel base plate. 4. 
I-beam support. 5. Graphite plates. 6. Water-cooled copper 
plugs. %. Bus bars. 8. Water cooling. 9. Refractory lining. 
10. Charcoal. 11. Graphite plate crucible. 12. Carbide 13. 
Lifting straps. 14. Refractory lining. 15. Observation tower, 
water-cooled. 16. Water-cooled charging hole. 17%. Water- 
cooled gas outlet. 18. Graphite electrode. 19. Water-cooled 
electrode inlet. 


of graphite plates, remains unchanged. It is em- 
bedded in charcoal within a refractory shell, which 
is water-cooled through pipes, welded inside the 
outer iron shell. A domelike upper section contains 
the water-cooled inlets to feed the reaction mixture 
into the crucible, to let the reaction gases out, and 
to observe the melting process. The lining for both 
shells is rammed super-duty fireclay. With a power 
input above 250 kva, this lining starts melting in 
spite of the water cooling. This is also the limit 
given by the section of the busbars. 

The power consumption, which previously was 
about 8 to 10 kwh per lb of carbide produced from 
zircon sand, was lowered to about 6 to 8 kwh. The 
recoveries of zirconium in the carbide were 90 pct 
when —65-mesh Oregon beach sand was used, but 
some zirkite, which had been ground to great fine- 
ness for air separation, gave recoveries of only 70 
pet, the fine particles being readily blown out by the 
blast of the arc. Therefore, such material is pelleted 
with addition of 2 pct dextrine, tumbled in a con- 
crete mixer to form nodules that are dried in an 
electrically heated muffle furnace. This permits re- 
coveries of 75 to 80 pct in the arc-fusion phase when 
fine materials are used. 

Because of its small size, operation of the arc fur- 
nace is rather irregular. If too much reducing agent 
(graphite powder) is added to the batch, the carbide 
does not fuse, and its amenability to chlorination is 
poor. An addition to the batch of 18 to 20 pct carbon 
is satisfactory. Too little graphite results in produc- 
tion of a bluish carbide containing about 3 pct carbon 
and some quantities of oxide. This carbide some- 
times does not give better recoveries than 50 pct in 
the chlorination. It is rather difficult to obtain the 
right carbon addition because the fine graphite is 
easily blown out by the arc when the powder mix- 


ture is charged, since it is lighter than the rest of 
the batch; also, when feeding, air is drawn into the 
crucible and the reducing agent is partly burned. 
Therefore, the care of the operator in charging in- 
fluences the quality of the carbide obtained. With a - 
larger power input, the batch would melt more 
evenly. With the present furnace, melting takes 
place only directly under the are and the electrode 
therefore has to be moved around over the surface 
of the batch. Nevertheless, this arrangement gives 
satisfaction as to the quantity of carbide produced 
per week, which amounts to about 800 lb made in 
four working days. The composition of a normal 
batch is approximately 80 lb of zircon sand and 20 
lb of powder graphite. The carbide obtained analyzes 
approximately 75 to 80 pct Zr, 3 to 4 pct Si, 3 to 
5 pet C, up to 2 pet N., 1 to 2 pet Fe, about 2 pct Ti, 
traces of rare earths and uranium, chromium in 
small quantities, oxygen by difference 1 to 10 pct. 
Electrode consumption is approximately 0.19 lb per 
lb carbide produced. 

The rather high electrode consumption is caused 
by burning when the furnace is fed. No carbon 
monoxide is formed by reduction of the sand at that 
moment, the arc being interrupted, air can rush into 
the furnace. 

The fumes given off contain large quantities of 
very fine silica which is scrubbed in a tower with 
water sprays. Due to the colloidal nature of the par- 
ticles, this scrubbing is rather inefficient. Bag-house 
or Cottrell precipitation would be needed for opera- 
tion on a larger scale. 


Chlorination of Carbide 


The chlorinator previously described” * was re- 
placed by a larger one, the inner dimensions of 
which are 12 in. ID x 55 in. high. This size shaft 
readily takes up to 750 lb of carbide. The heated 
condenser used before remained unchanged. A scrub- 
bing device was added to take care of escaping 
chlorides by water spraying. The setup is shown in 
figs. 4 and 5. Chlorine, if present in appreciable 
quantities, of course, is not eliminated by water, 
which dissolves only a little of this gas. The chlorine 
is supplied alternately by either of two 1-ton tanks 
arranged on a scale to check the quantities used. The 
flow of chlorine is checked with a flowmeter, and a 
porcelain filter is installed in the line. The arrange- 
ment gives satisfaction, and no attempt was made 
to improve it. 

Larger scale operation would call for mechaniza- 
tion in feeding and emptying the chlorinator, and 
arrangements would have to be made for discharg- 
ing the condenser. While such improvements might 


Fig. 3—Arec-furnace assembly. 
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Fig. 4—Chlorinator. 


1. Chlorine tank. 2. Scales. 3. Chlorine line. 
5. Flow gauge. 6. Tuyeres and manifold. 7%. Nickel shell. 8. 
Iron discharge elbow. 9. Silica sand. 10. Silica brick. 11. 
Nickel manifold. 12 Split-graphite electrode. 13. Water-cooled 
clamp. 14. Bayonet heater. 15. Batch. 16. Coke bed. 1%. 
Double-wall nickel condenser. 18. Hot air intake. 19. Air dis- 


4. Porcelain filter. 


permit obtaining a more uniform chloride and better 
recoveries, it would be difficult to develop such de- 
vices. Feeding the chlorinator mechanically while 
running would be troublesome, since the tempera- 
ture of the top must be kept above 331°C to prevent 
chloride condensation, and free chlorine may some- 
times be present. Condensation of zirconium chloride 
in the feeder would block the mechanism. Accre- 
tions within the shaft, which are observed fre- 
quently, would choke the feeder with piled-up car- 
bide. The discharging mechanism of the chlorinator 
would have to run under chlorine, therefore tight 
stuffing boxes, operating in abrasive material at 
medium temperatures in chlorine, would have to be 
built. Automatic discharging of the condenser pre- 
sents another problem because the chloride deposits 
partly in the form of heavy, dense layers on the wall 
of the apparatus and can be removed only by the 
use of iron scrapers. With all these difficulties in 
mind, it was thought that batch operation would be 


Fig. 5—Chlorinator. 


charge. 20. Cold air intake. 
23. Sliding flange door. 


21. Baffle. 22. Cleanout openings. 
24; Conical cover. 25. Drum. 26. 
28. Nickel elbow and cleanout box. 

30. Water sprays. 31. Concrete water 

33. Overflow. 34. Discharge pipe. 


Scales. 27. Condensate. 
29. Cast iron scrubber. 
tank. 32. Water. 


preferable for the present scale of operation, the 
more so since emptying and refilling the chlorinator 
does not take more than three man-hours. 

As mentioned above, the recoveries of chloride 
vary, depending on the quality of the carbide. Oxide- 
bearing, bluish carbide does not chlorinate well, 
even if it contains free carbon. Channeling always 
takes place to some extent, and chlorine may escape 
through the voids produced in those sections of the 
batch which chlorinate through. This difficulty can 
be overcome to a certain extent by poking the charge 
with an iron rod. Caking of the batch, caused by an 
accumulation of fine oxide around unreacted ma- 
terial, results in poor chlorination. The residues 
sometimes are so fine that they run like dry sand. 
They may entrap unreacted carbide particles and 
seal them off from the chlorine. As a result of these 
conditions, the recovery of zirconium as chloride 
usually does not exceed 80 pct, while 15 pct remains 
in the residue and 5 pct is lost through the exhaust. 
The residues are returned to the carbide furnace. 
The exhaust loss could be cut down by adding an- 
other condenser. 

The chloride obtained is white in the beginning 
of the run and yellow to red toward the end. High- 
iron concentrations are found in the last-formed 
chloride. Iron trichloride gas formed in the lower 
parts of the chlorinator with excess chlorine is re- 
duced to dichloride or to metal by the carbide in 
the upper sections of the batch, but once chlorine 
reaches this area, the iron is volatilized again as 
trichloride. Similar conditions are observed with 
silicon and titanium chloride. Both are reduced in 
the beginning of the operation in the upper regions 
of the shaft, and heavy fumes of both chlorides are 
observed when the chlorination is nearly finished. 
Continuous operation would overcome this trouble. 

The product obtained contains about 1 to 2 pct 
iron as trichloride. The aluminum, titanium, and 
silicon chloride content is low, the exit gases being 
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Fig. 6—Purification 
furnace. 


1. Heat-resisting steel shell. 2. 
Four heating zones. 3. Nickel 
container. 4. Nickel trays. 5. 
Residue. 6. Floating top, iron. 
4. Lead alloy seal. 8. Bleeding 
valve. 9. Helium needle valve. 
10. Water-cooled coils. 11. Con- 
densate. 


held above the condensation point of the chlorides 
of these elements. 

The production capacity of the chlorinator de- 
scribed exceeds 3000 lb a week. 

Internal heat is supplied with a graphite hairpin 
heater element which absorbs up to 12.6 kw at max- 
imum 14 v. The power consumption amounts to 0.56 
kwh per lb of zirconium chloride produced. 


Purification of Raw Chloride 


As described in previous publications” * the main 
impurities of the raw chloride are eliminated by 
subliming under hydrogen. Zirconium oxide remains 
in the residue with iron dichloride or metallic iron, 
both of which result from the reduction of iron tri- 
chloride with hydrogen. Simultaneously, the powdery 
raw chloride is condensed as a hard, dense product, 
which occludes little gas. 

This operation is performed in the vessel shown 
in fig. 6. It consists of a shell constructed of ™%-in. 
thick, 25/20 chromium-nickel stainless steel (type 
310) which is placed in a pit-type resistance furnace 
with three separately controlled heating zones. The 
furnace top is constructed of 14-in. mild-steel plate 
with a flange that fits into an annular trough at the 
top of the stainless steel shell. This trough is partly 
filled with lead-antimony eutectic alloy (melting 
point 247°C) that may be melted or allowed to 
freeze by controlling the upper zone heating ele- 
ment. The top is heated with nichrome heating 
elements, and the pipe coils suspended from the top 
may be cooled with compressed air or water as re- 
quired. The substitution of lead-antimony alloy for 
the lead-bismuth alloy previously used for the top 
seal results in a considerable saving in initial cost 
and upkeep, but with some slight inconvenience in 
operation due to the higher melting point of the 
lead-antimony alloy and its shrinkage on freezing. 

The operation is performed as follows: The partly 
powdery raw chloride is placed on trays in a nickel 
can, which is deposited in the purification vessel. 
The floating top is lowered into the fused-alloy seal, 
which is frozen quickly by circulating water through 
a ring of %4-in. iron pipe submerged in the alloy. 
The vessel is evacuated with a water-jet exhauster 
(Schutte & Koerting, size 1, 1-in. suction inlet) to 
about 15 mm Hg, the water pressure being boosted 
to 90 to 100 psi by a booster pump. 

Hydrogen is filled in, and heat is applied to the 
lower zone until the temperature has reached about 
200°C. The hydrochloric gas formed is pumped off 
with the ejector after a soaking period of a few 
hours. This operation is repeated. Solid iron tri- 


chloride is reduced to dichloride at this temperature, 
the hydrogen penetrating even compact zirconium 
chloride chunks to accomplish reduction of the iron. 
After the lead-alloy seal is melted, the temperature 
of the lower zone is brought up progressively to a 
maximum of 600°C, while a hydrogen atmosphere is 
maintained in the vessel. The coils are first cooled 
with compressed air, later with water. Any excess 
pressure caused by formation of hydrochloric gas is 
bled off through a heated valve. The lead-alloy seal 
acts as a safety device only. Excessive bleeding 
through the fused alloy would cause formation of 
scum. The purification operation takes less than 24 
hr for an input of 420 lb of raw chloride. The residue 
contains mostly zirconium oxide, in addition to iron 
dichloride and free iron. Uranium and thorium, if 
present in the zircon sand, are found in this residue 
in concentrated form; the boiling point of the tetra- 
chlorides of these metals is 618° and 720°C, respec- 
tively. 

The purified chloride, which is condensed on the 
coils of the floating top as shown in fig. 7, is a white 
salt with a slight grayish tint. The recovery in the 
purification is usually about 96 pct, providing the 
raw chloride does not contain too many impurities. 
A small amount of chloride is lost when the hydro- 
chloric gas formed is bled. The residues could be 
treated for their content of zirconium and rare 
earths. 

Reduction of the Purified Chloride 


A vessel of the same kind and size as described 
for the purification of raw chloride is used also for 
the reduction. The setup is shown in fig. 8. The 
crucible, constructed of %4-in. mild-steel plate and 
containing buffed magnesium ingots of commercial 
grade, is lowered into the reduction vessel and cov- 
ered with a vertically perforated baffle that permits 
movement of the gases between the inner part of 
the crucible and the atmosphere of the reaction 
vessel. This arrangement prevents contamination of 
the sponge with the lead-seal material, if by acci- 
dent the seal was sucked back. A shallow pan on 
top of the perforated baffle permits collecting any 
particles that might drop off the dense chloride of 
the coils. The floating top with the chloride is in- 
serted in the fused-lead seal, which is frozen by 
water cooling. The vessel is evacuated to about 1 
mm Hg with a mechanical pump protected with soda 
lime mixture from any hydrochloric gas that might 
be present in the atmosphere of the vessel. If the 
frozen lead-alloy seal leaks, the holes may be 
plugged with fused paraffin poured on its surface. 
The vessel is filled with helium 99.8 pct. The evacua- 
tion is repeated, and after filling with helium for 


Fig. 7—Dense chloride on coils. 
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the second time, the seal is fused. The magnesium 
1s raised to its melting point by heating the lower 
zone of the furnace. After this, the middle-zone 
temperature is raised to evaporate some zirconium 
chloride, and the lower zone temperature is raised 
to about 825°C. Excess gas pressure is taken care of 
by repeated bleeding through a heated valve. The 
reaction may start at once and the floating top may 
drop rapidly, making it necessary to fill in some 
helium to prevent lead alloy being sucked back. 
After this flash, the reduction goes on quietly. 

It depends on the skill of the operator whether 
the run will be short or whether it will last over an 
extended period, the residual helium interfering 
with the reaction. The zirconium chloride, which is 
diluted with helium, is continuously eliminated from 
this gas mixture in the crucible area by the re- 
action with magnesium, while its concentration in 
the top zone is built up again by evaporation of solid 
chloride from the coils. In total absence of helium, 
zirconium chloride would have to be supplied at 
such a high rate to prevent formation of a vacuum 
that overheating would take place and the crucible 
would alloy with the sponge. It was found that, 
when the temperature of the controller is set at 
825°C, the eventual run-away will not lead to ex- 
cessive temperatures, if enough helium is present to 


dampen the reaction. The time needed for one re-. 


duction varies between 24 and 36 hr. The end of the 
‘operation is marked by a continuous drop in pres- 
sure when the middle zone has reached the max- 
imum temperature of about 650°C. Also, the floating 
top rides high on the lead seal and feels light when 
moved. After shutting down, the crucible is cooled 
under dried helium, which is bled in with a heated 
needle valve from a series of automobile inner tubes 
used as a gasometer. When opening, after the cru- 
cible has cooled to about room temperature, the 
floating top is removed. 

After this, the baffle and pan are removed from 
the top of the crucible. Both are covered with a 
black pyrophoric powder, the gas-phase reaction 
material mentioned in previous reports”* which 
may catch fire. Since it contains about 50 pct magne- 
sium chloride, the burning is more like a glow, but 
much smoke is developed. The sponge in the crucible, 
being protected by the compact magnesium chloride 
in which it is entrapped, cannot catch fire. The burn- 
ing of the vapor-phase material and the bleeding of 
the reduction and purification vessels make it neces- 
-sary to provide for hoods with a good draft to take 
care of fumes. 

The efficiency of the reduction can be checked by 
weighing the crucible with its magnesium content 
before and after the run. The transfer of purified 
chloride from the coils to the crucible was 93 pct 
onan average of 40 runs. 


Separation of Excess Mg and MgCl, from Sponge 


It has been shown that zirconium cannot be com- 
minuted by pounding under water, since it reacts 
explosively under this condition. Titanium powder, 
however, is made readily by wet-grinding the chips 
in a ball mill. The separation of the magnesium 
chloride in vacuum at elevated temperature as pre- 
viously described” * * permits obtaining a zirconium 
sponge that is purer than any titanium powder pro- 
duced by aqueous extraction. The total content of 
chlorine plus magnesium may be less than 0.1 pct. 
Simultaneously, the otherwise pyrophoric sponge 
is sintered, and its activity is greatly reduced. 


Fig. 8—Reduction 
furnace. 


1. Heat-resisting steel vessel. 
2. Four heating zones. 3. Heavy 
wall iron crucible. 4. Perfo- 
rated baffle. 5. Pan. 6. Batch. 
7. Floating top. 8. Lead alloy 
seal. 9. Bleeding valve. 10. 
Helium needle valve. 11. Water- 
cooled coils. 12. Condensate of 
dense chloride. 


In this process, there are two phenomena that are 
directly opposed. Raising the temperature would re- 
sult in a higher vapor pressure of the residual salts 
and should permit a more rapid and more complete 
elimination. However, sintering of the sponge, which 
is also a function of temperature, takes place, and, 
once the voids are closed, considerable gas pressure 
would have to be built up inside to permit escape 
of the salts. High temperature might, therefore, not 
be advisable for salt removal. However, it would 
help in eliminating the magnesium, which alloys 
with zirconium and, after diffusion from the inside, 
boils off its surface. A compromise temperature of 
about 825°C inside the crucible and 925°C measured 
on the retort wall was found suitable for good re- 
moval of the salts within 10 hr. There is, in addi- 
tion, a strict limitation of the maximum tempera- 
ture with iron as a material of construction for the 
crucible. At 940°C, iron reacts with the sponge 
forming a eutectic at this melting point that has an 
iron content of about 16 pct. Eutectic “tears” form 
and build up in stalagmites on the stool or on the 
funnel, on which the crucible rests. 

The equipment used in the salt removal is de- 
tailed in fig. 9. The crucible containing the products 
of the reduction is placed upside down on a perfo- 
rated funnel-shaped base of heat-resisting steel, 
which rests on a central support column attached 
to the bottom plate of the retort. A stool (not shown 
in the drawing) rests on the funnel and extends up 
into the crucible to hold the sponge in the hot zone 
after the chloride is melted out. 

A can constructed of light-weight, heat-resisting 
steel is supported on the central column underneath 
the crucible holder to collect the fused chloride. The 
major portion of the chloride melts out of the cru- 
cible so that only the chloride and magnesium 
actually entrapped in the sponge must be eliminated 
by evaporation. Removable condenser shields of 24- 
gauge stainless steel are provided in the lower por- 
tion of the retort to collect the distilled chloride and 
magnesium. 

The condenser portion of the retort is cooled with 
fuel oil circulated through the cooling jacket at the 
rate of about 15 gpm. The oil is in turn cooled with 
water in either one or two tube-type heat ex- 
changers. Oil cooling was preferred to water cooling, 
since an oil leak would not harm zirconium appre- 
ciably. However, with reliable welds, there would 
be no objection to direct water cooling. 

The vacuum system is made up of a mechanical 
pump, a phosphorus pentoxide drying tower, an oil- 
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Fig. 9—Distillation retort. 


1. Retort shell. 2. Oil cooling jacket. 3. Flange. 4. Water- 
cooled rubber gasket. 5. Vacuum nichrome resistor furnace. 6. 
Heating elements. 7%. Crucible with batch. 8. Stainless steel 
funnel. 9. Stainless steel column. 10. Salt can, stainless steel. 
11. Support for column, stainless steel. 12. Water-cooled base 
plate. 13. Water-cooled rubber gasket. 14. Condenser shields 
of stainless steel. 15. Oil circulating pump. 16. Heat ex- 
changer. 17. Mechanical vacuum pump for vacuum furnace. 
18. Drying tower. 19. Mechanical vacuum pump for inner 
retort. 20. Drying tower. 21. Oil diffusion pump. 22. High 
vacuum valve. 23. Box with vacuum gauges. 24. Hydraulic 
ram. 25. Thermocouples. 


diffusion pump, and a vacuum valve. The diffusion 
pump can be bypassed with an auxiliary mechanical 
pump for pre-evacuation of the retort. Also, a sepa- 
rate vacuum line and valve permit bypassing the 
diffusion pump if pressure builds up. A thermo- 
couple and RCA gas-discharge gauge are inserted 
in a separate chamber in the high-vacuum line. A 
filling system for admitting helium is connected with 
the high-vacuum line ahead of the vacuum valve. 
All thermocouples and vacuum gauges are wired to 
recorders on a panel board. 

The retort is heated at its upper end by a separate 
vacuum furnace (fig. 10), which can be lifted off and 
moved to a second retort, as described later. The 
vacuum in this furnace is maintained with a small 
mechanical pump protected against moisture by a 
drying tower. : 

The bottom plate seals the retort against the at- 
mosphere with a rubber gasket. The temperature is 
raised to the melting point of the magnesium chlo- 
ride, about 714°C, at which point hydrogen is liber- 
ated. The quantities of hydrogen vary. There are 
three different sources for this gas, the magnesium 
used, the reaction of magnesium with hydrochloric 
gas and with moisture. The last two reactions orig- 
inate from the moisture of the air, either when the 

chloride is handled or when the apparatus is opened. 

It appears that with the 20 pct excess magnesium 
used in the reduction, some of the zirconium sponge, 
which is reduced first with a large magnesium ex- 
cess, is obtained in a pasty, perhaps alloyed, form, 
the magnesium being a binder for the zirconium 
crystals. This sponge is dense and aggregates in the 
corners of the crucible. In the distillation, it some- 
times melts off and runs down onto the funnel. It 


produces somewhat harder ingots than the light 
sponge, since it contains more iron and oxygen. This 
can be explained by the fact that the fused magne- 
sium as a getter collects the atmosphere of the re- 
action vessel, and the first zirconium reduced by this 
magnesium alloys with the impurities. The light 
sponge, which is produced at the end of the reduc- 
tion, is not fused but dendritic in appearance. It 
usually contains more magnesium and magnesium 
chloride after distillation than the dense sponge, be- 
cause, in the distillation, it is located in the colder 
part of the retort and frequently drops onto the 
stool, as mentioned above. 

The retort can be rapidly cooled by blowing air 
through the U-shaped inconel tubes built into the 
refractory of the heating furnace with a Roots-type 
blower mounted on the top of the furnace (not 
shown in drawing). With use of this forced cooling, 
the temperature at the outside wall of the retort is 
reduced from 920° to 400°C in 12 hr, as against 24 
hr required without forced cooling. After cooling to 
400°C, air is admitted to the outside vacuum cham- 
ber and the furnace is lifted off and transferred to 
the second retort. Cooling of the first retort is con- 
tinued with a fan, about 24 hr being required to 
lower the temperature from 400° to 35°C. The whole 
cycle, including 10 hr at the maximum temperature, 
is about 60 hr. 

Before the retort is opened, the sponge is con- 
ditioned with air, which is admitted in small incre- 
ments for about 3 hr. For reasons of safety, the 
retort is once more evacuated and filled with helium. 
This prevents fires from spreading upward to the 
sponge when opening the retort, if the magnesium 
powder, sometimes found on the bottom plate, 
ignites. The inner retort parts, with the column and 
bottom plate, are lowered with a hydraulic hoist. 
Once the crucible is within reach, it is clamped into 
a special carriage and tilting device that permits 
turning it in the vertical position. In general, about 
two-thirds of the sponge is obtained in dense form, 
stuck to the bottom and in the corners of the cru- 
cible. The remaining third is light material from 
the center that is frequently found resting on the 
stool. The latter, which is evidently reduced last, 
must be handled with care, as it is more pyrophoric 
than the dense material. 

There are small mechanical losses in the retort 
operation in the form of fine material adhering to 
the stool and funnel. The recovery may be as high 
as 99.5 pct in this phase of the process. A little zir- 


Fig. 10—Vacuum 
retort and 
furnace. 
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Fig. 11—Graphite-resistor split-tube vacuum furnace. 
1. Split-tube graphite resistor. 2. Graphite crucible. 3. Tap 
holes. 4. Graphite spider. 5. Threaded support ring of graph- 
ite. 6. Graphite cover. %. Graphite condenser. 8. Copper 
wedges. 9. Water-cooled copper clamp. 10. Water-cooled bus 
leads. 11. Double graphite radiation screen. 12. Molybdenum 
radiation screen. 13. Quartz shields. 14. Water-cooled iron 
shell. 15. Observation tower. 16. Cover with window. 17. 
Batch. 18. Expendable graphite hot top. 19. Graphite mold. 
20. High vacuum valve. 21. Oil diffusion pump. 22..P205 dry- 
ing tower. 23. Mechanical pump. 24. Quartz insulation ring. 25. 
Water-cooled brass base plate, 26. Water-cooled rubber gasket. 

conium chloride remains dissolved in the salts after 
the reduction, since mixing is not possible. Also, 
some lower zirconium chloride is entrapped in the 
sponge and may break up to metal and zirconium 
tetrachloride during the salt separation. This re- 
sidual tetrachloride and that contained in the mag- 
nesium chloride are reduced with gaseous magne- 
sium in the retort, and a metallic deposit of zir- 
conium may cover the funnel as a thin and rather 
pyrophoric sheet of zirconium. 

The loose sponge in the center of the crucible can 
readily be removed, while the dense material some- 
times sticks strongly to the walls. It is broken up 
with a heavy iron chisel that is operated with a 30- 
ton Arbor press. Both kinds of sponge are cut up 
with a strong knife in a hydraulic press, the chips 
being about 1 to 2 in. in size. These chunks are 
briquetted in a die made of nitrided nitralloy at 
about 100 tons pressure. The diameter of the bri- 


Sponge Melting 


The split-tube, graphite, resistor-type furnace, 
described before,” is used for this purpose. A larger, 
two-phase furnace was set up, as shown in figs. 11 
and 12. The bottom plate is provided with an exten- 
sion that permits inserting long graphite molds. A 
quartz ring centers this mold at the level of the 
clamp and also insulates it. The crucible is provided 
with a graphite condenser that fits tightly in the 
graphite cover. In this way, most of the magnesium 
and magnesium chloride driven off during melting 
is collected, and the furnace is not contaminated. 
The bottom of the crucible is provided with a pro- 
truding button that is perforated with six ¥-in. 
diam holes, and a graphite cross is inserted over 


‘these tap holes. This cross was found necessary to 


eliminate rotation of the metal jet, once pouring 
starts. The two-phase current causes rotation of the 
bath; the metal jet, without these devices, would 


hit the wall of the mold by centrifugal force and 
cause cold shuts. The power input is 60 kw, which 
is supplied only during the last 2 min. The maximum 
voltage is 17 v. With this energy, up to 25 lb of com- 
pact metal are melted in 20 min. The power con- 
sumption is in the range of 1.4 kwh per lb. Briquets 
take more space, and the maximum output with 
this material is about 15 lb. Turnings and sheet clip- 
pings can be remelted with no appreciable increase 
in hardness. The former must be briquetted. 

The carbon pickup is about 0.15 pct for the first 
melt. Remelts go up to 0.25 pet carbon. This content 
is not considered to be harmful for most uses to 
which zirconium is put. It was not possible to in- 
crease the carbon content above 0.37 pct, even by 
repeated remelting under graphite powder. This 
seems to be the limit of solubility of carbon in zir- 
conium at its melting point. The wear on the graphite 
crucibles is only slight, and as many as 30 runs have 
been made with one. 

The main difficulty in sponge melting is the splash- 
ing. Gas is evolved during fusion, and liquid metal 
is driven up to the cold top of the crucible, where it 
freezes and forms a gas-tight seal with unmelted 
briquets. Pressure now builds up beneath, and the 
liquid metal is pushed sometimes so violently into 
the mold that it runs over the rim and short-circuits 
the resistor slots. This difficulty can be overcome by 
draining the liquid metal as it forms. The briquets 
may be put on a graphite plate arranged in the 
middle of the crucible and provided with ‘holes of 
1-in. diam, or briquets of smaller diameter may be 
used. Loose sponge on top helps also, but this too 
reduces the capacity of the crucible. The causes of 
the gas evolution have not been reliably ascertained. 
It‘is probable that magnesium, magnesium chloride, 
zirconium chlorides, and helium escape during melt- 
ing. The individual briquets glaze over with fused 
metal, pressure from the impurities builds up in- 
ternally, and once it is released downward against 
the fused and extremely fluid metal, the metal is 
driven upward in the cold zone. 

Castings can readily be made in a graphite mold. 
Because the metal is extremely fluid, the finest de- 
tails of the mold are filled with metal, as shown in 
fig. 13. 

Plant Layout and Furnace Description 

A short report about this plant has already been 

published.” The viewpoints for increasing the pro- 


duction, from about 60 lb a week produced in the 
large laboratory-scale unit to 600, have been de- 


Fig. 12—Two- 
phase, split- 
graphite tube, 
vacuum resistor 
furnace. 
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scribed before.’ As the purification cycle is only 
about 24 hr, one purification furnace could supply 
material for at least two reduction furnaces. Two 
distillation retorts are provided, but only one fur- 
nace is used to heat both of them. This furnace is 
taken off the first retort when the temperature has 
dropped below 400°C and slipped over the second 
retort for another run, as shown in fig. 14. 

The purification and reduction furnaces have three 
heating zones; the bottom, middle, and lead seal 
zone are heated separately. Besides this, the floating 
tops are provided with separate heating elements. 
The power requirements for all furnaces are given 
in table I. 


Table I. Power Requirements 


Purification Furnace 


Floating top 220 v 7.6 amp max 

Lead seal zone 115 v 16 kva 

Middle zone 115 v 23 kva 

Bottom zone 230 and 44 v combined 46 kva 
Reduction Furnace 

Floating top 220 v 7.6 amp max 

Lead seal zone 230 v 13 kva 

Middle zone 235 v 46 kva 

Bottom zone 235 v 46 kva 
Vacuum Retort Furnace 

110 and 95 v 70 kva 


Typical heating charts for the purification, reduc- 
tion, and salt separation are shown in fig. 15. It may 
be observed that the present setup permits making 
up to three runs a week, corresponding to an out- 
put of 450 lb, providing sufficient personnel was 
available. A view of the operation floor is given in 
fig. 16. 

The manpower requirements are: 


Carbide furnace 2 semiskilled men 


1 supervisor 
Chlorination 


2 semiskilled men 


Purification, reduction, and 


2 semiskilled men per. shift, 
vacuum distillation 


3 shifts, 5 days 
1 supervisor 


Melting 1 semiskilled man per shift, 
2 shifts 
1 supervisor 
Briquetting and 1 semiskilled man 


sponge removal 


Results 

Sampling of the sponge is difficult, and its com- 
position varies within the crucible. The sponge pro- 
duced has the approximate composition given in 
table II. 

Sponge taken directly from the wall of the cru- 
cible may have a few tenths of a percent iron. The 
determination of trace elements in zirconium by 
chemical methods, especially aluminum and silicon, 
is not reliable. 

Ingots produced show only traces of chlorine and 
magnesium, but if melted in graphite, the metal 
from sponge picks up a small amount of carbon. 


Fig. 13—Vacuum-cast 
zirconium diffuser. 
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Fig. 14—Diagram layout of zirconium pilot plant. 


The oxygen content, determined by the dissolu- 
tion of ingot material in iron (vacuum-fusion 
method) with carbon as a reducing agent, for a 
Rockwell B hardness of 75, is about 0.07 pet. Iodide 
zirconium rods analyzed by the same method indi- 
cated the presence of only 0.014 pct oxygen. The 
ratio of oxygen to nitrogen (0.07 : 0.02) in Bureau 
of Mines zirconium clearly shows that the oxygen 
does not originate from the air, since otherwise its 
content would be below 0.004 pct to maintain the 
ratio O. : N. that exists in the air. Part of the oxygen 
can be traced to the oxide skin on the magnesium, 
which buffing does not remove. Improvements can 
be expected by remelting the magnesium in a helium 
atmosphere to remove deeply entrapped oxide, be- 
fore using it. Another source of oxide. is moisture 
that is introduced in the reduction and salt separa- 
tion, but this can only be a very small amount, since 
zirconium chloride and magnesium chloride elim- 
inate any moisture before it can come in contact 
with zirconium. Very small amounts of oxygen may 
originate from the helium used. One certain source 
of oxygen is the oxide skin formed on the zirconium 
sponge when exposed to air. This is unavoidable. 
Only by reducing the surface could this contamina- 
tion be minimized. Sintering in salt separation may, 
therefore, contribute to a reduction of the oxide con- 
tent. 

The recoveries recorded from 40 batches are, on 
an average, as follows: purification, 96.2 pct; reduc- 
tion, 93.0 pct; salt separation, 96.8 pct; total recovery 
from the raw chloride to the sponge, 86.6 pct. 

A loss of about 6 pct occurs when the sponge is 
removed from the crucible, the iron-rich parts found 
in contact with the wall being discarded at present, 
or recycled through the chlorination step. 


Production Costs 


Zirconium now sells, in its chloride, at about $0.95 
per lb of metal contained, which is lower than the 
$1.03 paid today for titanium in its anhydrous chlo= 
ride.* Zirconium in sand costs about $0.06 per lb, 
which is little more than titanium in ilmenite. Con- 
sidering that titanium requires about twice as much 
magnesium for its reduction as does zirconium, this 


Table Il. Sponge Composition, Percent 


Light Sponge 


Cle 0.02—0.80 C 0.02 Mn 0.0: 
Mg 0.06—0.80 Si 0.01 Al 0:02 
Fe 0.05 Ti 0.01 Ne 0.02 
Heavy Sponge 

Cle 0.01—0.20 i 

Mg 0.05—0.40 Mn a8 
Fe 0.05—0.1 Al 0.02 
Si trace Ne 0.02 
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more than compensates for the slightly higher price 
of the latter in its ores, the extraction methods for 
both metals being practically the same. It can, there- 
fore, be expected that both metals will sell at vir- 
tually the same price, providing they are produced 
on the same scale. 

In the cost estimate made in table III, the sales 
price of $0.37 per lb of raw zirconium chloride will 
be taken as a base. It was not possible to produce 
the raw chloride in the pilot plant described above 
at this low cost because of too small a scale of opera- 
tion of the carbide furnace. The costs given are 
direct operating expenses only and do not include 
general overhead, interest, depreciation, insurance, 
or taxes. 


Table III. Cost Estimate 


A. Production of sponge, including purification, 
reduction, and salt separation: 
Chloride 2.96 lb @ $0.37 $1.10 


Operating supplies including magnesium 0.31 
Power 24 kwh @ $0.0025 0.06 
Labor and supervision 2.15 

Total per pound of sponge $3.62 

B. Cleaning, cutting and briquetting of the sponge: 

Raw sponge 1.175 Ib $4.25 
Labor and supervision 0.22 

Total per pound of briquets ; $4.47 


C. Melting and finishing the ingots: 


Briquetted sponge 1.035 Ib $4.63 


Operating supplies and power 0.32 
Analysis 0.49 
Labor and supervision including machin- 

ing ingots 1.38 


Total per pound of finished, machined 
ingot $6.82 


In these costs the raw materials, chloride and 
magnesium, account for only 22.8 pct, labor and 
supervision 69.3 pct of the total. The cost of pro- 
duction of zirconium chloride seems to be much too 
high, considering that the metal in the ore can be 


' bought for only $0.06 per lb, while it costs $0.95 in 


the raw chloride. Small savings could be made by 
passing the byproduct, magnesium chloride, through 
a fusion electrolysis to reclaim chlorine and magne- 
sium, but the outlay for magnesium is only 4.5 pct 
of the total cost. The actual costs are a result of 
small-scale operation, as can be seen from the high 
percentage of the salaries and supervision. Improve- 
ments in that regard will result from the tapping of 
the salts and continuation of the reduction with 
liquid magnesium to make better use of the crucible 
and furnace capacity. Such methods have already 
been found successful on a small scale. The final 
development of this process will probably lead to 
continuous reduction, once the many problems con- 
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Fig. 15—Time-temperature schedules (inside 
* temperature). 


Fig. 16—Operation floor. 


cerning temperature control and materials of con- 
struction have been solved. 


Conclusions 

It has been shown that zirconium can be produced 
in units yielding 150 lb per batch at a reasonably 
low cost. The plant is described. The size of the 
present equipment can certainly be increased con- 
siderably before difficulties with heat dissipation 
will appear. Zirconium is favored in that regard in 
comparison with titanium, since the heat of forma- 
tion of its chloride is much higher, the heat evolved 
in reducing, therefore, is much lower. Titanium re- 
actors of 200 lb are in use now. 

In the present pilot plant, zirconium ingots can be 
produced for $6.82 per lb. The future price of the 
metal will probably be the same as that of titanium, 
the methods of production are practically identical, 
and the higher cost of the one in its ore is more than 
compensated by the higher consumption of reducing 
agent for the second. 
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The Torsion Texture of Copper 


by W. A. Backofen 


Pole figures are presented which describe the texture of OFHC copper 
and electrolytic, tough-pitch copper subjected to various amounts of tor- 
sional strain. The development of the torsion texture does not appear to 
be influenced by the principal normal strain history since all pole figures 
are symmetrical about directions parallel and perpendicular to the longi- 
tudinal axis of the torsion specimen. An explanation of the mode of plastic 

flow in pure torsion has been suggested. 


HE preferred orientations, or textures, resulting 
from many of the various methods for testing 
and forming metals have been the subject of numer- 
ous investigations.” ** Despite this large amount of 


work, however, only a few limited studies have been - 


made of the texture that is developed by torsional 
deformation. 

Ono*® found that in severely twisted wires of 
copper and aluminum a [111] direction les parallel 
and a [110] direction perpendicular to the longi- 
tudinal axis of the wire. Sachs and Schiebold* have 
reported that a double-fiber texture exists in a 
twisted aluminum wire with both the [111] and 
[100] directions parallel to the axis of the wire. 
Twisted iron wires have also been examined by 
Ono.’ Both the [110] and [112] directions were re- 
ported as parallel to the axis of the wire. Goss’ 
concluded from a study of twisted rods of a low- 
carbon steel that the preferred orientation existing 
at fracture is quite complex, but that many grains 


* References 1 and 2 contain excellent summaries of the results 
of these investigations. 
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have a [110] direction parallel to the axis of the 
wire. 

In addition to the earlier experimental work, 
some suggestions have been made about the possible 
nature of the torsion texture. These suggestions are 
based on the results of many experiments which 
indicate that the cold-working texture of a particu- 
lar metal is largely determined by the geometrical 
change in shape that the metal undergoes during 
plastic deformation.” ° Hibbard and Yen" have con- 
sidered the problem of deformation textures and 
have presented an analysis which is able to explain 
why equivalent changes in shape should yield simi- 
lar textures. ; 

Therefore, a knowledge of the principal strains 
associated with torsional deformation would seem 
helpful in the interpretation of the torsion texture. 
The necessary analysis has been made of the state 
of strain in an element of metal lying in the surface 
of a cylindrical rod or tube that has been subjected 
to pure torsion.* ° This analysis shows that the di- 
rections of the principal normal strains rotate con- 
tinuously within a torsion specimen while it is be- 
ing twisted. After the first infinitesimal amount of 
twisting, these directions make angles of 45° with 
the longitudinal axis of the bar. They rotate from 
this position as twisting proceeds, and after an in- 
finite amount of twisting, the direction of the princi- 
pal tensile strain is perpendicular, and the direction 
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of the principal compressive strain is parallel, to the 
longitudinal axis. The amount of twisting, which is 
most conveniently expressed as a shear strain, de- 
termines the orientation of the principal normal 
strain directions. Following this analysis, Hill® has 
proposed that the torsion texture is symmetrical 
about the principal directions of normal strain, and 
therefore the symmetry axes of the texture must 
rotate within the above-mentioned limits-as twisting 
progresses. 

Barrett’ has been even more specific and has sug- 
gested that the torsion texture and the cold-rolling 
texture are related in the following way. There are 
no appreciable changes in the diameter of a cylin- 
drical rod or tube deformed in plastic torsion. Con- 


sequently, the radial direction in the torsion speci- 


men may be considered equivalent to the transverse 
direction of a rolled sheet which similarly does not 
undergo any marked change during cold-rolling. 
The direction of the principal tensile strain asso- 
ciated with torsional deformation is then comparable 
to the rolling direction of the sheet. Therefore, it 
is likely that the torsion texture consists of a cold- 
rolling texture inclined with respect to the axes of 
the torsion specimen. The “rolling direction” and 
the normal to the “rolling plane,” both of which are 
considered to be symmetry axes of the texture, are 
expected to lie in the surface of the specimen. 


Experimental Procedures 


Materials and Testing: Pole figures were obtained 
from five specimens of OFHC copper and one speci- 
men of electrolytic tough-pitch copper. Two sizes 
of OFHC copper specimens were used. Their dimen- 
sions are shown in fig. 1. Only one specimen of 
size B was twisted. The OFHC copper bars were 
machined from cold-swaged stock. Size A was 
annealed in a salt-bath for % hr at 450°C and size 
B in air for 1 hr at 500°C. The resulting structures 
were both fine-grained and randomly oriented. The 
bar of electrolytic copper was a 16-in. length of 
a 3%4-in. diam cold-finished round. No reduced sec- 
tion was machined into this specimen. It was an- 
nealed in air at 650°C for 1 hr before twisting. 


The four bars of OFHC copper of size A were : 


twisted in a torsion testing machine which has been 
described elsewhere.” Three of these bars were 
twisted to shear strains of 0.70, 1.90, and 3.95. The 
fourth bar was twisted first to a shear strain of 
5.25 and then untwisted by exactly the same 
amount. The maximum shear strain, y, at the sur- 
face of a test specimen is defined as: 


ré 
1 


gs 


_where r is the radius of the bar; 6 the total number 
of radians through which the bar is twisted; and 1 
the length over which twisting takes place. | is con- 
sidered equal to the distance between the bottom 


of the radius at each end of the gauge length. 


Examination of the twisted bars showed that the 
deformation was largely confined to this length. All 
twisting of size A specimens was done at a constant 
rate of 120° per min. Unfortunately, the provision 
incorporated in this machine for accomodating the 
small amount of axial extension of a bar subjected 
to plastic torsion did not appear to operate con- 
sistently and satisfactorily. Therefore, a slight 
deviation from deformation in pure torsion un- 
doubtedly resulted due to the presence of a low 


SIZE A 
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Fig. 1—OFHC copper torsion specimens. 


compressive stress directed along the axis of the 
specimen. This was found, however, to have neg- 
ligible effect upon the texture. 

The remaining specimens were twisted in a Riehle 
torsion testing machine of 60,000 in-lb capacity. 
The fixed jaw gripping one end of the bar is in the 
weighing head which is supported by chains and 
thus perfectly free to move when any lengthening 
occurs in the bar being twisted. The OFHC copper 
specimen of size B was twisted to a maximum shear- 
strain of 7.7. The distance, l, over which twisting 
occurred, was again defined as the distance between 
the bottom of each radius. The electrolytic copper 
specimen was twisted to a maximum shear-strain 
of 5.25. The length, I, in this case, was the distance 
between the jaws of the machine. Twisting of these 
specimens was done at a constant rate of 215° 
per min. 

Construction of Pole Figures: After twisting, a 
1-in. length cut from the middle of each bar (except 
the one of OFHC copper of size B) was carefully 
bored out to form a tube with a 1/32-in. wall. A 
small rectangular specimen was removed from the 
wall of each tube with a jeweler’s saw. The larger 
dimension of the specimen was parallel to the longi- 
tudinal direction (L.D.) of the tube. The smaller 
dimension, perpendicular to the longitudinal direc- 
tion, is described below as the transverse direction 
(T.D.). Each specimen was etched to a thickness 
of about 0.0025 in. in a 50 pct solution of nitric acid. 
All specimens possess a uniform amount of shear 
strain which is approximately equal to the maxi- 
mum amount introduced into the surface of the bar 
by the twisting. 

Methods Employing a G-M Counter Tube for In- 
tensity Measurements: The method of constructing 
pole figures developed by Decker, Asp, and Harker” 
was used for the (111) pole figures of the specimens 
obtained from the bars of OFHC copper of size A 
and the bar of electrolytic copper. This method 
requires the use of an X-ray unit, such as a Norelco 
recording X-ray spectrometer, fitted with a Geiger- 
Mueller (G-M) counter tube. A _ specimen is 
mounted in a special sample holder in the path of 
the X-ray beam and is rotated about two mutually 
perpendicular axes. For each setting of the sample 
holder, the counter is used to determine the in- 
tensity of the diffracted beam and therefore the pole 
density for a particular point within the pole figure. 
A correction factor must be applied to the measured 
intensities to provide for the change in the angular 
position of the sample with respect to the incident 
beam. The magnitude of this factor is presented 
graphically in the appendix for various sample 
thicknesses and inclinations to the incident beam. 
All pole figures constructed by this method are 
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found in figs. 2 through 4. Only one quadrant of 
each pole figure is presented, since X-ray photo- 
grams showed that the pole figures are symmetrical 
about the longitudinal and transverse axes. 

The pole figures for electrolytic copper and for 
OFHC copper twisted to a shear strain of 3.95 were 
constructed from two complete quadrants. The in- 
tensity maxima lying on the basic circle of all pole 
figures were accurately determined in four quad- 
rants. Within the areas of low pole density, intensity 
measurements were made after every 10° interval 
of rotation. Rotation intervals of 5° were used when 
regions of greater pole density were encountered. 
All intensity maxima were located with rotations 
of 212°. 

Six intensity ranges could be conveniently estab- 
lished. These were used in plotting all figures. 
Since the thicknesses of all specimens were not ex- 
actly the same, it is not possible to make a rigorous 
comparison of the pole figures. Nevertheless, the 
development of the texture as twisting proceeds is 
readily observed. 

Information about the central area is absent in 
all pole figures constructed in this way. However, 
the technique that Norton” has developed for mak- 
ing pole figures of rolled sheet can be used to obtain 
this information. This method also employs an 
X-ray unit equipped with a G-M counter for 
measuring intensities. 

Many small rod-specimens are required by this 
procedure and these were extracted from a twisted 
bar in the manner illustrated in fig. 5. The OFHC 
copper bar of size B, twisted to a maximum shear 
strain of 7.7, was bored out to form a tube with a 
14g-in. wall. Square blanks of 1/16 in. were then 
cut out with a jeweler’s saw and carefully turned 
to a diameter of 0.045 in. Each rod was then slowly 
revolved in a 50 pct solution of nitric acid until its 
diameter was 0.030 in. Since the shear-strain gradi- 
ent in plastic torsion is linear, it can be readily 
computed that the material from which these rods 
were made was subjected to a shear strain of ap- 
proximately 6.75. 
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Fig. 2—(111) pole figures of twisted OFHC copper. Fig. 3—(111) pole figure of OFHC copper twisted 
a. Top — Shear strain of 0.70 i ath 
Hic Contek Gueas tien aya ne to a shear strain of 5.25 and then completely un- 
c. Bottom — Shear strain of 3.95 twisted. 
Ideal orientations indicated as follows: : Ideal orientations indicat 
ut ic = ed as follows: 
@ (112) [111], m (111) [112], x (110) [001], A (112) [131] @ (112) [111], m (111) [112], x (110) [001], A (112) [181] 
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Each rod in turn was held in a special mount, 
placed in a beam of CuK, radiation, and slowly 
rotated about its axis through 360°. The G-M 
counter tube was set to receive the diffracted radia- 
tion from the {111} planes. The intensity measured 
by the counter tube was autographically recorded, 
and a curve was obtained of intensity vs. angular 
position. The curve for each rod describes the in- 
tensity variation in arbitrary units along a particu- 
lar diameter of the pole figure. No absorption cor- 
rection is necessary since all rods are cylindrical 
and of the same diameter. Contours drawn through 
points of equal intensity on all diameters describe 
the pole density in the figure. One quadrant of such 
a pole figure is shown in fig. 6. Each plotted point 


in this figure is the average of intensities measured. 


in four quadrants. 

The pole figures constructed by the methods de- 
scribed above have made possible a reasonably 
detailed study of the texture of copper that has 
been strained various amounts in torsion. The 
stresses accompanying torsional deformation are 
known. Therefore, from the interpretation of these 
figures and a knowledge of: the stresses, it should 
now be possible to obtain some understanding of the 
mode of plastic flow in pure torsion. 


Discussion of Results 


The combination of the four ideal orientations or 
textures (112) splits dtl) -[1l27,7-(110):. 0014; 


and (112) [131], which have been included in each 
of the preceding pole figures, may be used to de- 
seribe the torsion texture observed in copper. In 
these orientations, the crystallographic planes are 
tangential to the surface and the directions are 
parallel to the longitudinal axis of the torsion speci- 
men. An analogous scheme is used to describe the 
texture of drawn tubing which undergoes only a 
reduction in wall thickness. Although four ideal 
orientations have been chosen, it is difficult to em- 
phasize any one more than the others, since all are 


Fig. 4—(111) pole figure of electrolytic, tough- 
pitch copper twisted to a shear strain of 5.25. 


Ideal orientations indicated as follows: me 
@ (112) [111], m (111) [112], x (110) [001], A (112) [131] 


UL 


Fig. 5—Method of obtaining the specimens used in 
the construction of the pole figure in fig. 6. 


necessary for an adequate description of the pole 
distribution within the figures. 

This description of the torsion texture applies 
after various amounts of unidirectional twisting as 
well as equal amounts of forward and reverse twist- 
ing. But the direction of the principal normal 
strains are different for each value of shear strain 
and the rotation of the principal normal strain di- 
rections may be reversed by untwisting. Therefore, 
contrary to what might be expected, the principal 
normal strain history does not appear to influence 
the development of the torsion texture. 


The ideal orientation (112) [131] is but one of 
the ‘four, (112)>[ 1314, 9G112) “(311 4112), Fm 
and (112) [311], derived from {112} planes and 
<118> directions that can be selected to account 


aa 
) 


oO 
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Fig. 6—(111) pole figure of OFHC copper twisted 
to a shear strain of 6.75. 

Ideal orientations indicated as follows: Mg 

@ (112) [111], m (111) [112], x (110) [001], a (412) [131] 
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(110) [OO}] (112) [131] 


for the intensity maxima lying on the basic circle 
of all pole figures between 58° and 60° from the 
ends of the longitudinal axis. These represent an 
ideal texture composed of four parts which can be 
generated by the reflection of each part across .the 
transverse and longitudinal axes of the pole figure. 
The ideal orientations (112) [111] and (111) [112] 
must be qualified in a similar manner. Each de- 
scribes but one-half of a composite ideal texture. 
Stereographic projections of the ideal orientations 
together with all possible slip directions are plotted 
in fig. 7. 

The stress system associated with torsional def- 
ormation may be considered to lie in a plane which 
is tangential to the surface of the torsion specimen. 
This plane has been chosen as the plane of the pole 
figures and of the projections presented in fig. 7. 


Fig. 7—Stereographic projection of all ideal orien- 
tations and slip directions. 


Pole of {111} plane 
<110> slip direction 


Therefore, shear stresses theoretically can be re- 
solved only along directions which are diameters of 
the basic circle of a pole figure or one of the pro- 
jections in fig. 7. Maximum shear stresses act along 
both the longitudinal and transverse axes regard- 
less of the amount of twisting. 

The three ideal orientations, (112) [111], (LTE) 
[112] and (110) [001] provide possible slip direc- 
tions along the transverse axis (a direction of 
maximum shear stress). In addition, there are pos- 
sible slip directions associated with the two ideal 
orientations, (111) [112] and (112) [131], which 
are also diameters of a basic circle but inclined 
approximately 30° from the longitudinal axis. It 
can be shown, however, that the shear stress re- 
solved along a slip direction in the latter position is 
only one-half the maximum value. Therefore, it 
seems reasonable to suggest that plastic flow in pure 
torsion occurs primarily by slip along directions 
tangential to the surface and perpendicular to the 
longitudinal axis of the bar, when the texture is 
sufficiently developed so that it can be described by 
these ideal orientations. This possibility receives 
considerable support from the pole figure presented 
in fig. 3 which was constructed from a torsion speci- 
men subjected to equal amounts of forward and re- 
verse twisting. It is apparent from this pole figure 
that reverse torsion does not alter the texture estab- 
lished by the initial twisting. This observation can 
perhaps be most readily explained if it is considered 
that the direction of slip during the initial twisting 
is merely reversed when the bar is untwisted. Such 
a reversal in slip along the transverse direction of 


Fig. 8—Microstructure of 
OFHC copper after 
torsional strain. 


Left — After twisting to a shear 
strain of 1%. 


Right coal After twisting and un- 
twisting through a shear strain 
of Y%. 


The longitudinal axis of the speci- 
men is in the vertical position. 
Magnification X100; electropol-- 
ished in 35 pet orthophosphoric 
acid; chromic acid etch. 
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Fig. 9—Solution of the correction formula from 

Decker, Asp, and Harker” applicable to CuKa radia- 

tion reflecting from {111} planes of copper: valid 
for values of —a. 


maximum shear stress would not be expected to 
effect any change in the texture. 

The results of microstructural studies made in 
conjunction with the reverse-torsion experiments 
are also in agreement with this proposed mode of 
flow. The micrographs of fig. 8 were obtained from 
the surface of a coarse-grained specimen after it 
had been twisted to a shear strain of % and again 
after it had been untwisted by this amount. The 
same group of grains is included in both micro- 
graphs. Traces of slip planes which appear pre- 
dominantly as horizontal lines are perpendicular to 
the longitudinal axis of the specimen and coincide 
with a direction of maximum shear stress. Although 
untwisting restores the grains to their original 
shape, it does not markedly alter the pattern made 
by the traces of the slip planes. Evidently, slip 
~ systems of the same orientation are operative dur- 
ing both twisting and untwisting, an observation 
consistent with the suggestion that torsional plastic 
flow occurs primarily by slip in directions which 
“are tangential to the surface of the bar and_per- 
_pendicular to its longitudinal axis. 

The ideal orientation (112) [131] furnishes a 
slip direction in the plane of the equator but inclined 
17° to the plane of the projection. Theoretically, no 
shear stress exists in this direction and since no slip 
should occur, this orientation does not appear to be 
one that could persist under the proposed, but un- 
doubtedly oversimplified, conditions of flow. How- 
ever, it is difficult to reconcile this observation with 
the presence of an intense maximum on the basic 
circle of all pole figures at the position occupied by 
a (111) pole resulting from this orientation. 


Summary 

The present work may be summarized as follows: 

1. The torsion texture of oxygen-free, high con- 
_ ductivity (OFHC) copper and electrolytic, tough- 

pitch copper, may be described by a composite of 
the four ideal orientations, (112) [111], (111) [112], 
(110) [001], and (112) [131]. The crystallographic 
planes of these various orientations are tangential to 
the surface and the directions are parallel to the 
longitudinal axis of the torsion specimen. 

2. From a consideration of the possible slip di- 
rections associated with the ideal orientations (112) 
[111], (111) [112], and (110) [001], it has been 
suggested that torsional plastic flow occurs pri- 
marily by slip along the direction of maximum 
shear stress which is tangential to the surface of the 
specimen and perpendicular to its longitudinal axis. 
The results of microstructural studies also agree 
with this mode of flow. The mechanism of torsional 


plastic flow outlined in the paper is consistent with 
the details of the pole figures, and also with current 
plasticity theory, but indicates that the relationship 
between strain and the development of textures is 
by no means a simple one. 
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Appendix 
Fig. 9 is a solution of the correction formula de- 


rived by Decker, Asp and Harker” to be used with 
their method of constructing pole figures. 
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Lattice Parameters of Magnesium Alloys 


by Robert S. Busk 


The effect of solute additions on the lattice parameters of 
magnesium alloys is reported. Empirical equations are derived 
from the data which haye allowed the calculation of the lat- 
tice parameters of ternary solid solutions from binary data. 
The data are taken both from the literature and from addi- 

tional experimental work. 


WO groups of binary alloys were prepared. The 
first group consisted of those elements relatively 
soluble in magnesium: Li, Al, Zn, Ga, Ag, Cd, In, 
Sn, Hg, Tl, Pb, and Bi. These are predominately 
Group B elements. The second group consisted of 


most of the remaining metallic elements, all of which 


are relatively insoluble in magnesium: As, Au, Ba, 
Ca, Ce, Cu, Ir, La, Mn, Ni, Pd, Pt, Rh, Sb, Si, Te, Ti, 
W, and Zr. These are all Group A, transition, or rare 
earth elements. 

Alloys of the first group were prepared by 
melting sublimed magnesium and elements as pure 
as obtainable in a graphite crucible, using a standard 
flux* for protection. The melts were poured into 
a small graphite mold to produce 3x34 in. diam 
slugs. Spectroscopic analyses were made of each 
slug. In all cases, the total impurity content was 
less than 0.05 pct. The slugs were then heat treated 
5°C below the eutectic temperature until complete 
solution, as judged metallographically, was ob- 
tained. Filings from the center of the slugs were 
compacted at room temperature into % in. long x %4 
in. diam cylinders, sealed in pyrex under % atm 
of purified argon, annealed at the heat-treating 
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temperature for 1 hr, and quenched in water. 
After the X-ray diffraction patterns were made, 
each compact was analyzed chemically for the 
solute. 

It was found that the Mg-Li alloys reacted 
during filing to reduce the Li in solid solution. For 
this series of alloys, the slug was cold worked, 
annealed in purified argon, the surface dissolved in 
dilute HCl to a depth of about 0.005 in., and the 
X-ray exposure made on the fresh surface. This 
procedure resulted in sharp, continuous lines and in 
true values for the lattice parameters. 

The alloys in the second group were prepared in 
the same way except that about 1 wt pct of each 
solute was added. Since the solubility limit was 
exceeded, not all the solute dissolved. These alloys 
were analyzed spectroscopically only to confirm the 
presence of the solute. 

The diffraction patterns were of the back-reflec- 
tion type using the characteristic copper radiation* 
and a flat cassette. Both the film and the specimen 
were rotated. The specimen temperature was main- 
tained at 25° + 1°C. The films had sharp lines; 
their diameters were measured directly to 0.01 cm. 

The parameters were calculated from the line 
diameters using a modified version of Cohen’s ex- 
trapolation method.’ This method effectively eli- 
minates systematic errors such as film shrinkage, 
inaccurate alignment, and non-precise film-to-speci- 
men distance. The random errors were minimized 


ee RE SE IES Ee OR 
* Kor = 1.537,395 kX; Kaz = 1.541,232 kX; Kp: = 1.389,35 kX. 
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Table I. Lattice Parameters of Binary Magnesium Alloys 


(All values in kX units corrected to 25°C) 


Refer- tomi 
Klement eS ee ees i Refer- Atomic 
0 Co c/a Element ence Pct do Co c/a 
Silver 3 0.455 3. 
wat Seow aes posse: Indium a 0.518 3.20196 5.1997 1.6239; 
1.367 3.19483 5.18555 1.62311 ee eee parece oo 
1.868 3.19292 5.1799 1.622: Sites STs Seas oe 
2.049 3.19063 5.1734 1.6214 see pai 2 peels LG2%s 
2.199 3.18973 5.17303 1.6218 
; 3.18684 5.164 1.6207 Ms é : : 
3.029 3.18714 5.1665, 1.6210¢ p 216 319008 Si ap0l veel 
3.225 3.1841, 5.15971 1.62044 4.01 3.19780 B1ne6s 162601 
7.98 3.19288 5.20027 1.62871 
4 0.74 3.1984, B00) mpage 11.65 3.18797 5.20210 1.63179 
‘6 3.1920 5.1785 1.6223 
2.31 3.1897 5.1728; 1.6217, : r 
Ran Sauk Bele aoe 6 0.63 3.20208 5.19893 1.62361 
2.16 3.20035 5.19961 1.6247, 
; ‘ Bi 5.19994 1.6260 
Aluminum 3 0.91 3.1992. 5.1956 1.6240 7.98 3519330 5.2009. 1.6287, 
pes oan Bk 6 Obs eke 11.65 3.18783 5.20424 1.63251 
i ‘19601 : (6243 
1.956 3.1952. 5.1898, 16242. Lead 3 0.243 3.20342 5.20195 1.6238: 
2.378 3.19302 5.18685 1.6244; 0.611 3.20340 5.2024 1.6240» 
3.594 3.18860 5.1803 1.62463 1.289 3.20351 5.20643 1.6252: 
3.508 3.18873 5.18121 1.62485 1.998 3.20445 5.2078» 1.6251y 
3.612 3.18875 9.18122 1.6248; 4.305 3.20775 5.223» 1.6285 
‘ 118683 i 1.6251 
4.33 3.18517 3.1750¢ 1.6247; 
5.224 3.18192 5.17279 1.62563 6 0.10 3.20316 5.20068 1.62361 
5.3650 3.18140 5.1716s 1.62560 0.30 3.20331 5.20060 1.62351 
5.420 3.18083 5.17020 1.6254: 0.49 3.20352 5.20254 1.62401 
5.799 3.18089 5.1711lo 1.62565 1.48 3.20463 5.20691 1.62481 
6.31 3.17725 5.16514 1.6256; 2.86 3.20618 5.21520 1.62661 
Ap 7.230 3.17337 5.15983 1.62598 3.45 3.20663 5.21881 1.62751 
7.482 3.17383 5.1614 1.62624 4.04 3.20701 5.22104 1.6280, 
8.138 3.16999 5.1558 1.6264. 4.43 3.20719 5.22358 1.62871 
9.217 3.16596 5.15033 1.62675 4.97 3.20748 5.22630 1.62941 
eae ters alee 1.62686 6.73 3.20829 5.23371 1.63131 
j (16281 1477s 1.62753 
5 0.496 3.20058 5.1964» 1.62361 i ee 350338 ses 162408 
1.997 _ 3.19502 5.18842 1.62391 : c Z 
1.00 3.20360 5.20439 1.62454 
i 3.785 3.18773 5.1791s 1.62471 
Ae oe ' 1.21 3.20440 5.20536 1.62444 
; 17852 5.1660s 1.62531 1.21 -3.20401 5.20523 1.62460 
1.93 3.20462 5.20827 1.62524 
6 0.50 3.2008 5.1969 1.6236 52080 a teers 
ee Spey Baas eons 2.32 3.20527 5.21001 1.62545 
is a ato. ee! Gaoas 2.73 3.20600 5.21257 1.62588 
6.31 3.17885 5.1666e 1.6253 2,84 3.20552 5.21279 1.62619 
pe SAO: seo. ahora 3.59 3.20562 5.21685 1.62741 
10.43 3.16325 5.14790 1.6274 ae cata Beate Lee aea 
‘ : : 1.62796 
5.07 3.20698 5.22479 1.62919 
Bismuth 3 0.284 3.20303 5.20266 1.62429 6.20 3.20744 5.23163 1.63109 
2 : 3. 5.2050 1.6244; 
0.863 3.20405 5.20411 1.6242: les 
1.037 3.20422 5.20588 1.62465 - Lithium 3 or Ste 5.2001 1.6236 
E 2003 5.1883 1.6212 
7 0.24 3.20320 5.20187 1.62396 Go eth ee ee 
0.46 3.20366 5.20358 1.62426 7.40 3.1961 5.1698 1.6175 
0.57 3.20355 5.20452 1.62461 11 : : 
07 3.1932 5.1585 1.6155 
0.58 3.20342 5.20473 1.62474 12.25 3.1922 5.1523 1.6140 
0.80 3.20412 5.20592 1.62476 18.40 3.1904 5.1320 1.6086 
1.00 3.20428 5.20735 1.62512 
1.01 3.20526 5.20749 1.62567 8 17 1.6074 
Cadmium 3 1.071 3.19990 5.1962 1.62385 Tin 3 0.474 3.2019 5. E 
1.220 3.2001s 5.19630 1.62375 1.131 350220 aaels, eae 
2,302 3.1966. 5.18991 1.6235. 2.248 3.20095 5,204» 1.6261 
2.347 3.19685 ane He 2.352 3.20155 5.206» 1.6261 
. . 5 . NT . ev 
3.619 3.19470 5.18884 1.624, 
4,261 3.19309 5.1832 1.62326 6 0 3.20302 5.20046 1.6236 
4.628 3.19189 5.1834 1.6240 0.18 3.20290 5.19994 1.6235 
7.96 3.18369 5.1716 1.6244) ee hots Bees oe 
. . 8 . 2 . 
2.00 3.2015 5.2051 1.6258 
4 jee ieeerer ose 1.6290 2.47 3.2011, 5.2063, 1.6264 
6.04 3.18851 5.17913 1.6243 
8.20 3.18340 5.17146 1.6245 Thallium 3 0.266 3.20238 5.20004 1.6238 
oe 250 3.18058 5.16720 1.6246 0.580 3.20225 5.19995 1.6238; 
: : : F : 1.222 3.20178 5.19916 1.6238; 
13.90 3.17085 5.15044 1.6243 1.800 3.20126 5.200» 16244, 
16.20 3.16603 5.14071 1.6237 4.486 3.19926 5.2017 1.6259 
Gallium 3 0.549 3.20083 5.19740 1.62377 6 0.25 3.20287 5.20021 1.6236 
1.312 3.19729 5.19203 1.6238 0.75 3.20236 5.19938 1.6236 
1.31 3.20193 5.19997 1.6240 
6 oat ganee, sag, a pee aaa ee 
0.37 3.20187 5.19826 1.6235 6.29 3.1976 5.20331 1.6272 
0.37 3.20190 5.19831 1.6235 cian ‘one ; 
ae cated) peytee ieee 9.13 3.19499 5.20594 1.6294 
1.04 3.19901 5.19421 1.6237 : 
1.76 3.19631 519020 : Zine 3 0.742 3.1994, 5.19469 1.62362 
2.50 3.1943, 5.18709 «1.6238 0.753 3.19895 5.18408 1.62365 
, 1.460 3.19541 5.18730 (62330 
F .193 3.2021 5.1996 1.62381 1.534 3.1955a 5.18764 1.62341 
ga MereMey : 0 2012 5.1980 1.6237 2311 3.1920. 3.1817; 1.6233. 
0.370 3.20128 : 
1.62422 2.408 3.19166 5.18115 1.62334 


BY 0.368 3.20001 5.1977 
| 0.936 3.19833 5.19285 1.62361 
1.165 3.19774 5.1918 1.62353 2.850 


2.379 3.19158 5.18101 1.62334 
3.18886 5.17665 1.62335 


TRANSACTIONS AIME, VOL. 188, DECEMBER 1950, JOURNAL OF METALS—1461 


by a least-squares solution of the 7-12 lines meas- 
ured. This treatment also allowed an estimate of 
the accuracy of each determination. In almost all 
cases, individual measurements of line diameter 
varied from the mean by 0.01 cm or less. 


Binary Alloys Results 


The lattice parameters of the binary alloys of 
magnesium with the relatively soluble solutes, as 
determined both in this laboratory and as reported 
in the literature, are given in table I. Only those 
literature sources which report work based upon 
precision techniques are given. 

When the parameters were plotted against the 
atomic percent solute, linear functions were ob- 
tained. A least squares solution was made for each 
solute based upon the equations: 


Qo Loy ES, 
Cor" Cie eee 
c/a = C/Aug + Sea £ 


Where zx is the atomic percent. 
The standard deviations for each equation were 


calculated and these were used to estimate the 
standard error of the mean for each equation: 


8 
Sin Coan Ver ena 
VN 
Where 6 = Standard deviation of the parameter 
dm = Standard error of the mean of the 
parameter - 


N = Number of data points. 


The summary of the data as calculated in this 
manner is given in table II. This table also includes 
data for pure magnesium, based on twenty deter- 
minations, using five different samples of sublimed 
magnesium. 

The data for the relatively insoluble group are 
given in table III. The standard error for each de- 
termination was compared with that for pure mag- 
nesium to determine the probability that a given 
result is different from that for pure magnesium: 


T Sih a, — Aug 
[8.2 = S224 Y, 


Since the data were determined on a small number 
of samples, the observed standard deviations were 
corrected to give a better approximation to the true 
standard deviations.* ; 

A value of T = 1.65 means that there is a 10/1 
chance that the difference is real. Higher values of 
T represent still higher probabilities that the dif- 
ference is real. The value of T = 1.65 was arbi- 
trarily selected as a division point for determining 
elements that have a significant effect on the lattice 
parameters of magnesium. 

When the data for c/a in table I are plotted 
against electron concentration, 


E*= 2. «(Valence —2)2 


a series of straight lines are obtained for each ele- 
ment (fig. 1). In those cases in which the solute 
results in an increase in E, there is first a horizontal 
line representing no change in c/a with addition of 
solute, and then a straight line representing an in- 
crease in c/a with increasing E. In those cases in 
which the solute addition results in a decrease in E, 
there is again a short horizontal line, and then a 
straight line representing a decrease in c/a with de- 
creasing E. 

Raynor*® and Hume-Rothery and Raynor’ have 
pointed out the dependence of c, on electron con- 
centration. They have advanced an explanation 
based upon the energy levels occupied by the con- 
duction electrons and the occurrence of an overlap 
of occupied energy levels beyond the first Brillouin 
Zone. 

When c/a is plotted against E, the lines for all 
elements are close together. Assuming that the 
small differences observed are due solely to dif- 
ferences in ionization of the solute atoms, it is possi- 
ble to calculate a relative effective valence, 


See 


. ae S° cya 

where S°./;. is an arbitrarily selected slope of c/a 
against electron concentration. Since indium has 
the largest slope, its effective valence was set at 3.00 
and S° <j made equal to S.;1 for indium, or 0.77. 
The relative effective valences of the remaining 


Table II. Summary of Data for Lattice Parameters of Binary Alloys 


In kX Units Standard Error 
i f of the Mean of 
onstants : do c/a the Parameter, A 
Effective y 2 

Ele- Radius, Effective* 
ments (kX Units) Valence OMe Sax108 CMe Scx108 c/amg Sc/ax10% do Co c/a 
Silver 1.33 0.66 3.20206 —5.36 5.20069 —12.18 1.62401 —1.028 0.001 
Aluminum 1.40 2.49 3.20269 HEE es 5.19937 —5.22 1.62335 0.38 C0008 0.00020 Menke 
Bismuth 1.69 3.50 3.20272 1.78 5.20124 5.40 1.62383 1.16 0.00003 0.00018 0.00012 
Cadmium 1.49 2.00 3.20240 297 5.20043 —3.60 ? 2 0.00011 0.00031 y 
Gallium 1.42 2.00 3.20296 —3.65 5.20010 —5.48 1.62365 0 0.00012 0.00010 0.00005 
Mercury 1.39 2.00 3.20245 —4.23 5.20093 8.16 1.62380 0 
Indium 1.54 3.00 3.20267 —124 9.19799 0.41 1.62293 0.77 ean oooere ooea0R 

i : : aD: 5 —3.97 1.6243 —0.89 0.00009 0.0 3 

Lead 1.64 3.55 3.20313 0.84 5.19902 5.24 1.62312 1.20 0. oece Mee 

: : : i 0.00 
Tin - 1.57 3.50 3.20282 —0.66 5.19951 2.67 1.62344 1.16 0.00088 econ oaone. 
Thallium 1.56 2.87 3.20290 —0.84 5.19865 0.75 1.62303 

; ; j : 0.67 Oz 
Zine : 1.37 2.00 3.20267 —4.71 5.20021 —8.13 1.62343 0 o OD0b6 modest wees 

agnesium _1.60 2.00 3.20233 5.19942 1.62364 0.00009 0.00015 “00006 
Avg. 3.20270 5.20041 + 1.62362+ ; : Cocos 


* Relative for In = 3.00. 


+ Averaged for elements of Valence = 2.00. 
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elements are then as given in table II. It is possible 
to set up a general equation which will describe the 
relation between c/a and electron concentration for 
all the binary magnesium alloys studied using rela- 
tive effective valence. The resulting three-part 
equation is: 


c/a = 1.47298 + 0.07554E’ E’ = 


c/a = 1.62364 1.994 = E’ = 2.005 
c/a = 1.47567 + 0.0738E’ E’ = 2.005 


where E’ is the electron concentration based upon 
the relative effective valence as given in table II. 

The a, vs. atomic percent relation for each ele- 
ment can be used to determine an “effective radius”’ 
for each solute in the magnesium lattice: 


Ong + 100 SA 
2 


Ris 


The values for R for each element are given in 
table II. The atomic radii determined in this way 
differ by only a small amount from the radii deter- 
mined from the lattice of the pure metals. Hume- 
Rothery and Raynor’ have discussed possible causes 
of this difference. These figures allow a general 
equation to describe the relation between a, and 
atomic percent for all the binary magnesium alloys 
studied. The resulting equation is: 


a, = 3.20268 + (—0.032044 + 0.020014R) x 
where x is atomic percent, and a, is in kX units. 


It is apparent, then, that the unit cell size of mag- 
nesium is affected by both the size of the solute 
element and its effective valence. The relation is 
such that the spacing of the atoms in the basal 
plane is dependent only upon the solute radius. 
The spacing between the basal planes is also affected 
by the solute radius but is further adjusted so as to 
allow the.c/a ratio to conform with the electron 
concentration. 

To be useful, the general equations should give 
the parameters of polynary alloys from composition. 
A series of ternary Mg-Al alloys were prepared and 
the parameters measured. The results are shown in 


1.610 


1,605 


1.75 1.60 1.85 1.90 1.95 2.00 2.05 2.10 2.15 2.20 
ELECTRON CONCENTRATION 


Fig. 1—Data for c/a plotted against electron 
concentration. 


table IV. Two of the alloys were such that the addi- 
tional solute contributed no additional electrons, 
one added electrons, and one subtracted electrons. 
With one exception, the agreement between the 
values calculated from the equations and those 
measured is within the experimental error. 

The data for the relatively insoluble elements 
(table III) show some significant differences from 
the values for pure magnesium. The effect of a, 
can be summarized: Elements decreasing a,—Au, 
Mn, Rh, and Zr; and elements increasing a,—As, 
Ba, Ce, La, Ni, and Pd. 

All the elements causing a decrease in a, have 
atomic radii (42 distance of closest approach in the 
room temperature structure) less than that of mag- 
nesium. Each of these must, therefore, dissolve in 
sufficient quantity to affect the parameter values. 
There is no way from the data in this paper to 
estimate the amount dissolved. Ba, Ce, and La all 
have atomic radii larger than Mg and the effect of 
these elements is straightforward. As, Ni, and Pd, 
however, have atomic radii less than that of Mg, 
and the reason that these elements cause an increase 
in the a, value is not known. 

The effect of these solutes on the c/a ratio can be 
summarized: Elements decreasing c/a—Au, Ce, 


Table II. Lattice Parameters of Some Binary Magnesium Alloys as Compared to Those for Pure Magnesium 


do Co c/a 

Element kX a 6a 58 kX dM T c/a ou T 
i 3.20327 0.00051 1.81 5.20114 0.00079 2.10 1.62369 0.00014 0.03 
Ged 3.20147 0.00037 2.26 5.19731 0.00089 2.35 1.62341 0.00010 1.91 
Barium 3.20333 0.00011 7.14 5.20170 0.00024 8.15 1.62384 0.00010 1.66 
s Calcium 3.20331 0.00092 1.07 5.20079 0.00174 0.79 1.62357 0.00020 0.33 
Cerium 3.20461 0.00094 2.43 5.20092 0.00113 1.31 1.62295 0.00024 2.76 
.20200 0.00071 0.46 5.19874 0.00139 0.49 1.62360 0.00014 0.27 
ith 330220 0.00102 1.12 5.20042 0.00145 0.69 1.62402 0.00020 1.81 
Lanthanum 3.20396 0.00076 2.14 5.20116 0.00114 0.64 1.62335 0.00024 1.16 
4 0.00224 1.91 5. : ; ; j f 
ieee Sosed 0.00033 3.91 5.20148 0.00032 5.89 1.62360 0.00007 0.43 
i .00056 2.75 5.20019 0.00060 1.24 1.62308 0.00020 2.94 
sperireees Bertie 000084 1.56 5.19982 0.00132 0.30 1.62419 0.00017 3.05 
Rhodium 3.20067 0.00066 2.47 5.19761 ” Y 62391 0.00008 2.70 
i E 0.00094 0.91 5.19984 0.0022 0.19 1.6233 : : 
Sisen Seno 0.0010 0.27 5.19981 0.0019 0.20 1.62362. 0.00024 0.08 
luri 0021 0.87 5.20175 0.0040 0.58 1.62344 0.00041 0.49 
ena a a0ane 00008! 0.35 5.20172 0.00126 - 1.81 1.62424 0.00013 4.28 
Tu sten 3.20324 0.0013 0.70 5.19920 0.0026 0.08 1.62310 0.00033 158 
Zireo ium 3.19891 0.0019 1.80 5.19635 0.0030 1.02 1.62441 0.00037 g 

ones! 3.20233 0.00009 5.19942 0.00015 1.62364 0.00006 


Magnesium 
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Table IV. Calculation of Lattice Parameters of Ternary Alloys 


Average Values (Va >. 4 c/a 
Atomic Pct : 
R, kX Sa x 108 E’ Calc. Obs. Ax 10-3 Cale. Obs. Ax 10- 
Hh 1.62387 0.12 
i 2.25 1.38 —4.42 2.0098 3.1839 3.1833 0.6 1.62399 : 
oo 2.2 1.39 —4.22 2.0176 3.1782 3.1780 0.2 1.62457 1.62433 0 24 
5.6 1.6 1.39 —4.22 2.0274 3.1723 3.1732 0.9 1.62529 1.62515 0.14 
1.8 0.35 1.39 —4.22 2.0088 3.1936 3.1944 0.8 1.62392 1.62 0.50 
51 0.4 1.40 —4.02 2.0250 3.1806 3.1815 0.9 1.62512 1.62550 0.38 
7.7 0.5 1.40 —4.02 2.0377 3.1697 3.1716 1.9 1.62605 1.62600 0.05 
9.5 0.4 1.40 —4.02 2.0466 3.1629 3.1648 1.9 1.62671 1.62551 
32 O09 1.43 —3.42 2.0108 3.1921 3.1912 0.9 1.62407 1.62436 0.29 
3.8 1.0 1.42 —3.62 2.0186 3.1853 3.1861 0.8 1.62464 1.62520 0.56 
6.2 1d 1.41 —3.82 2.0304 3.1748 3.1768 2.0 1.62551 1.62550 0.0 
8.4 1.3 1.41 — 3182 2.0412 3.1656 3.1680 1.8 1.62631 1.62623 0.08 
10.4 11 1.41 —3.82 2.0510 3.1588 3.1610 2.2 1.62703 1.62674 0.29 
ee O42 1.44 —3.22 2.0127 3.1971 3.2030 5.9 1.62421 1.62383 0.38 
2.9 0.32 1.42 —3.62 2.0190 3.1914 3.2028 11.4 1.62467 1.62366 1.01 
5.4 0.40 1.41 —3.82 2.0325 3.1805 3.1799 0.6 1.62567 1.62652 0.85 
7.2 0.35 1.41 —3.82 2.0408 3.1738 3.1719 1.9 1.62628 1.62669 0.41 
3.55 0.40 1.42 3.62 2.0233 3.1884 3.1875 0.9 1.62499 1.62527 0.28 
9.75 0.38 1.41 —3.82 2.0532 3.1640 3.1672 3.2 1.62720 1.62735 0.15 
Al Ag 4 
3.3 0.8 1.39 —4,22 2.0053 3.1854 3.1876 2.2 1.62366 1.62406 0.40 
5.3 0.8 1.39 —4,22 2.0152 3.1769 3.1775 0.6 1.62439 1.62504 0.65 
8.4 0.85 1.39 —4.29 2.0296 3.1636 3.1654 1.8 1.62545 1.62586 0.41 
0.4 1.5 1.34 —5.23 1.9818 3.1927 3.1947 2.0 1.62269 1.62283 0.14 
2.7 1.5 1.37 4.62 1.9929 3.1833 3.1834 0.1 1.62352 1.62341 0.11 
5.4 1.5 1.38 —4.42 2.0062 3.1722 3.1712 1.0 1.62373 1.62391 18 


and Pd; and elements increasing c/a—Ba, Ir, Pt, 
Rh; i, and: Zr: 

The fact that Au lowers the c/a ratio is in accord 
with its known valence of 1. The lowering of the 
c/a ratio by Ce is interesting. Normally, this ele- 
ment has a valence of two or more. However, it 
does have an incomplete f shell and may be acting 
as an electron receiver in the magnesium lattice.”” 
It is interesting that La, having a lower solubility 
than Ce in Mg, shows the same effect on c/a but to 
a lesser extent than does Ce. The lowering of the 
c/a ratio by Pd is puzzling, especially since Ir, Pt, 
and Rh all raise it. It is also difficult to believe that 
Ba increases the c/a ratio. The significance of the 
result by the arbitrary standard selected is border- 
line, and it may be that there is no real effect. The 
fact that enough Ti goes into solid solution to raise 
the c/a ratio is interesting, and in view of its ex- 
tremely low liquid solubility,” probably means that 
the Mg-Ti, like the Mg-Zr, system is a peritectic. 

There remain the elements Ca, Cu, Sb, Si, Te, 
and W which show no change in either a, or c/a. 
Of these, Ca and Cu do have some solid solubility 
in Mg, but the change in parameter is apparently 
too small to be found. The other elements seem to 
have vanishingly small solid solubility in Mg. 


Summary 


1. The change in a, with addition of solute is 
proportional to the radius of the solute alone. 

2. The effective radius shown by a solute in 
binary solid solution is retained in ternary alloys. 

3. The change in c, with addition of solute is 
proportional to both the radius and the valence of 
the solute, the relative effect of each being such 
that the c/a ratio is proportional to the electron 
concentration alone. 


4. Few, if any, solutes in magnesium are fully 
ionized. 

5. The relative effective valence shown by a 
solute in binary solid solution is retained in ternary 
alloys. 

6. The rare-earth elements Ce and La may act 
as electron receivers in magnesium solid solutions. 

7. The Mg-rich, Mg-Ti binary alloys probably 
constitute a peritectic system. 
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Effect of Ferrite Grain Structure Upon 
Impact Properties of 0.80 Pct Carbon Spheroidite 


by M. Baeyertz, W. F. Craig, Jr., and E. S. Bumps 


S OME time ago during a study of impact prop- 
erties of tempered martensite,’ it was postu- 
lated that the consistently good ductility of tem- 
pered martensite might be caused by its relatively 
small and peculiarly shaped ferrite grains. The fer- 
rite grains of tempered martensite have approxi- 
mately the same size and shape as the martensite 
“needles.” Thus they form an interlocking mass of 


needle-shaped grains quite different from equiaxed 


or lamellar ferrite grain structures. 

When the common mechanical test methods are 
applied to steel, variations are often observed in the 
ductility of specimens that have closely similar hard- 
ness and tensile strength values. The ductility so 
measured appears to be structure dependent. When 
steel from the same heat has been heat treated to 
produce different structures with the same hard- 
ness, the elongation and reduction of area values 
from the tensile test and the transition temperature 
determined by the notched-bar impact test vary 
according to whether pearlite, tempered martensite, 
or other structural constituents were produced by 
the heat treatment. It has been widely recognized 
that tempered martensite gives a consistently good 
performance, when tempered to the same hardness 
as many other structures with which it has been 
compared. In recent years the isothermal transforma- 
tion of austenite to specific structural products and 
the quantitative evaluation of the character of these 
products with respect to their nature and response 
to deformation has received considerable attention. 

The objective of the present study was to pursue 
somewhat further the dependence of ductility upon 
structure; specifically, it was desired to ascertain 
whether ferrite grain structure, including both shape 
and size of the grains, can account for the consist- 
ently good performance of tempered martensite in 
the notched-bar impact test. 

It was thought that a simple experiment would 
indicate whether the ferrite grain structure plays 
any part in the good ductility exhibited by tem- 
pered martensite in contrast to other steel structures 
with different types of ferrite grains. By determin- 
ing the impact transition temperature, it was pro- 
posed to compare spheroidites having similar car- 


bide particle size and spacing but obtained in such 


a manner that their ferrite grain structures would 
be very different. Spheroidite obtained by tempering 
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martensite, with its small, needle-shaped grains, 
was to be compared with spheroidite from pearlite. 
If the latter is produced by sub-critical annealing, 
the ferrite grains correspond to the pearlite colonies. 
Thus, if the pearlite was not too coarse, the ferrite 
grains of spheroidite from pearlite are equiaxed in 
contrast to the needle-shaped grains of spheroidite 
from martensite. 

It was thought that the ferrite grain structure of 
spheroidite from martensite might depend to some 
extent upon the grain size of the prior austenite. The 
austenite grain boundaries limit the maximum at- 
tainable size of the martensite needles and thus of 
the ferrite grains in the derived spheroidite. In order 
to evaluate any possible influence of prior austenite 
grain size, spheroidites were to be prepared from 
martensites that had been formed from fine-grain 
austenite and also from coarsened austenite. 

As the carbide particle size and distribution were 
to be essentially alike in the various spheroidites, 
the difference would be in the ferrite grain size and 
shape. Thus any marked difference in transition 
temperature could be attributable to the character 
of the ferrite grain structure. 

There are certain considerations in assuming that 
these spheroidites would be equivalent in all re- 
spects except ferrite grain structure, and an attempt 
was made to take them into account. One of the con- 
siderations was the choice of the carbon content of 
the steel. An approximately eutectoid steel was 
selected for two reasons. First, the pearlitic struc- 
ture would contain no proeutectoid ferrite which 
might complicate the picture by producing a non- 
uniform ferrite grain structure in the resulting 
spheroidite. Then, too, the high-carbon content 
would inhibit ferrite grain growth during the sub- 
critical treatment. 

Another factor to be taken into account was the 
choice of an alloying element to assure a martensitic . 
structure throughout on quenching the impact speci- 
mens. Nickel was chosen, because it is a common 
alloying element and resides in the ferrite both upon 
its formation from austenite and throughout tem- 
pering. The formation of alloy carbides, or even a 
large solubility of the alloying element in cementite, 
would have complicated the interpretation by chang- 
ing the composition of the ferrite during spheroid- 
ization. 

The possibility of temper brittleness was min- 
imized insofar as possible by using a tempering tem- 
perature as high as consistent with the 1 pct of 
nickel in the steel, namely, 1150°F. 

While it certainly is not claimed that no differ- 
ence other than ferrite grain structure could exist 
between the spheroidites, nevertheless, reasonable 
precaution has been exercised within the limits of 
steel metallurgy. It is believed that any large differ- 
ence in transition temperatures would reflect the 
difference in ferrite grain structure and that rela- 
tively good ductility in the spheroidites from mar- 
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_Fig. 1—Spheroidite from martensite, etched with. 
- picral, X2000. Austenitization was at 1550°F to 
ASTM grain size No. 6 to 7. 


Fig. 2—Spheroidite from martensite, etched with 


picral, X2000. Austenitization was at 1900°F to 
_ ASTM grain size No. 2 to 5. 


Fig. 3—Spheroidite from martensite, etched with — 
picral, 2000. Austenitization was at 2050°F to 


ASTM grain size No. —1 to 3. 


tensite would be caused by the same factor as the 
consistently good ductility observed in tempered 
martensite, at least when the martensite is tempered 
at relatively high temperatures and does not exhibit 
temper brittleness. 


Experimental Data 


The steel was from a 65-lb ingot from a labora- 
tory induction furnace heat (No. 2440) of the fol- 
lowing analysis: C, 0.77 pct; Mn, 0.36; P, 0.007; S, 
0.011; Si, 0.32; Ni, 1.03; Al, none added. 

The ingot was forged to %x2%-in. bars. These 
were normalized from 1550°F and then tempered 
for 1 hr at 1200°F. Longitudinal Charpy impact 
blanks, four abreast, were machined from the bars.: 
The blanks were 0.16-in. oversize before heat treat- 
ment, after which they were ground to size and 
notched with a 45°, 0.010-in. radius V-notch. 

The heat treatment consisted of austenitizing, and 
then either quenching in oil directly, or giving an 
arrested quench in salt at 900°F for 3 min and then 
in oil. The former treatment resulted in martensite; 
the latter, pearlite. Both pearlite and martensite 
were produced after austenitization at 1550°F; also, 
martensites were obtained from austenite that had 
been coarsened by heating at 1900° and 2050°F. Be- 
fore quenching from the two, high austenitizing 
temperatures, a 5 or 7 min equalization at 1550°F 
was employed in order to avoid quench cracking. 
After quenching, the specimens were tempered at 
1150°F for the period required to produce a hard- 
ness of about 93 Rockwell B. Details of the heat 
treatments, of the as-austenitized grain size, and of 
the hardness of the spheroidized specimens are given 
in table I. 


Table I. Heat Treatment, Austenite Grain Size, and 
Hardness of Spheroidites 


Spheroidi- 
zation 
Austenitization Quenching at 1150°F 
ASTM RB 
Grain Final Hard- 

oF Hr* Size Equalization Arrest Quench Hr ness 
nwts}s\ by aess i 6to7 none none oil 54 94 
1,900 1 2to5 5 min, 1550°F none oil 46 93 
2,050 2 -—1to3 7 min, 1550°F none oil 46 93 
T5505 wat 6 to7 none salt;3 min, oil 100 92 


900°F 


-* Austenitized in a protective atmosphere. 


The structures of the three spheroidites obtained 
from martensite are illustrated by figs. 1, 2, and 3; 
the spheroidite produced from pearlite, Be Be 4. The 
specimens were etched in picral to show only the 
outlines of the carbide particles. Figs. 5, 6, 7, and 8, 
respectively, illustrate the appearance of the same 
specimens after etching with nital to reveal the fer- 
rite grain size and shape as well as the cementite 
particles. 

Both the “average distance between carbide par- 
ticles” and the “average uninterrupted ferrite path” 
were determined. The average distance between 
carbide particles is the mean, free-ferrite path as 
defined by Gensamer and his coworkers,” which by 
their experimental procedure amounts to the aver- 
age, straight-line distance between carbide particles 
or lamellae. This definition takes no account of fer- 
rite grain boundaries. We are indebted to Professor 
Cohen* for the suggestion that the mean free path 
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should include ferrite grain boundaries as well as 
phase boundaries between the carbide particles or 
inclusions and the ferrite. “Average uninterrupted 
ferrite path’ has been used to indicate the latter 
definition of mean, free-ferrite path. 

The determinations of mean free-ferrite path were 
made with a Hurlbut counter, set up to drive a filar 
micrometer eyepiece. A magnification of 2000 diam 
was used, attained with an oil immersion objective. 
The respective distances along the horizontal cross- 
hair were measured on twenty-five representative 
fields for each specimen and etchant. The average, 
straight-line distance between carbides was de- 
termined after etching in picral. The average, un- 
interrupted ferrite path was measured after etching 
with nital. The ferrite grain size was determined by 
similar measurements after the specimens had been 
etched in nital. The data are given in table II. 

The spheroidite prepared from pearlite contained 

relatively few ferrite grain boundaries; therefore 

the average distance between carbides and the 

average, uninterrupted ferrite path were essentially 

alike. While the difference was not very large in the 

spheroidites prepared from martensite, the average, 

uninterrupted ferrite path was a little shorter than 

the average distance between carbides, because of 

_-~ the number of ferrite grain boundaries that had to 

_be taken into account in the determination of the 
_average, uninterrupted ferrite path. 

The average, ferrite grain diameter of the sphe- 
roidite obtained from pearlite was about four times 
that of the spheroidites obtained from martensite, 
as-shown in table II. In terms of ASTM grain size 
number, the ferrite grain sizes were No. 15 for the 
spheroidites from martensite and No. 12 for the 
spheroidite from pearlite. 


Table II. Microscopic Observations 


Sphe- 
roidite 
from 
Spheroidite from Martensite Pearlite 


1550°F 1900°F 2050°F 1550°F 


Aust, Aust, Aust. Aust. 
Average distance between 
carbides, mm 0.0021 0.0018 0.0018 0.0018 
Average uninterrupted fer- 
rite path, mm (all phase 
and ferrite grain bound- 
aries) i 0.0016 0.0015 0.0016 0.0017 
Average eel peewee 
ferrite grain boundaries, 
main ee 0.0023 0.0022 0.0022 0.0091 
Average carbide particle 
Wi eeter: mm z 0.0007 0.0007 0.0007 0.0006 
Prior austenite grain 
size, ASTM No. 6 to T 2to5 —1to3 6 to7 


It is significant that the average, ferrite grain 
diameters of the spheroidites from martensite are 
essentially alike in spite of the large difference in 
the as-austenitized grain size. The import of this 


: : Fig. Pc coneroillite from pearlite etched with picral, 
__will become apparent when the data from the im- 399, Austenitization was at 1550°F to ASTM grain 
# pact tests are discussed. However, there was one five No6 tot 


difference in the structures of these spheroidites 
that should be noted. As the as-austenitized grain Fig. 5—Spheroidite from martensite, etched with 


was coarsened, the length of occasional martensite nital, X2000. Ferrite grain boundaries are indicated 
needles increased. These were the needles that were by arrows. Austenitization was at 1550°F to ASTM 
oriented preferentially with their long axes in the grain size No. 6 to 7. 

prior austenite grain boundaries. This is illustrated 
by fig. 9, a micrograph of the spheroidite ofa speci- Fig. 6—Spheroidite from martensite, etched with . 
men that was austenitized at 2050°F. These pre- nital, X2000. Austenitization was at 1900°F to ASTM 


-ferentially oriented grains are smaller and thus not grain size No. 2 to 5. 
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so evident in the structure obtained by austenitiza- 
tion at 1900°F, as shown in fig. 10. While a repre- 
sentative proportion of the long ferrite grains de- 
rived from these needles was included in the fields 
used for the microscopic observations, it was not 
sufficient to influence the values given in table II. 

The energy values obtained in notched-bar im- 
pact tests are plotted against testing temperature 
in the conventional way in fig. 11. Also, macroscopic 
evaluations of the percentage of brittle fracture are 
given in the figure. Except for some scatter in the 
energy values above the transition range, both 
energy and fracture curves for the three spheroidites 
from martensite are superimposed. Also, while there 
has been considerable difference of opinion concern- 
ing the definition of transition temperature, it will 
be evident that by any of the usual criteria the 
notched-bar transition of the spheroidite from pearl- 
ite was much higher than that of the spheroidites 
from martensite. Using the lowest testing tempera- 
ture that gave a zero percent brittle fracture as the 
criterion, the transition temperature was 150°F for 
the spheroidites from martensite and 350°F for the 
spheroidite from pearlite. Thus the difference in 
transition temperature amounted to 200°F. The dif- 
ferential in transition temperature would be about 
the same if the criterion of transition were to be 
taken as a 90 pct brittle fracture. 


Results 


The microscopic evidence showed that the sphe- 
roidites from martensite were essentially equivalent 
in microstructure regardless of the as-austenitized 
grain size. The only difference noted was an occa- 
sional long ferrite grain, in the prior austenite grain 
boundaries of the specimens that had been coarsened 
in the austenitization. With the exception of slight 
irregularities above the energy transition, both the 
energy and fracture curves of the three spheroidites 
from martensite were superimposed. The prior aus- 
tenite grain sizes of these spheroidites were, re- 
spectively, ASTM No. 6 to 7, 2 to 5 and —1 to 3. 
These observations would suggest that austenite 
grain size has but slight influence upon the subse- 
quent ferrite structure obtained upon quenching to 
martensite and spheroidizing, and thus has little 
effect on the energy values and transition range 
obtained by the notched-bar impact test, at least in 
the absence of temper embrittlement and other re- 
actions that involve the prior austenite grain boun- 
daries. An attempt was made to avoid such effects 
in this evaluation, which as nearly as possible was 
limited to the influences of ferrite grain size and 
shape in the absence of embrittling reactions. 

Rather close coincidence of the average distances 
between carbide particles and the average uninter- 
rupted ferrite paths was attained in the spheroidites 
from both martensite and pearlite, as shown in table 
II. The average distance between carbide particles, 
of course, depended entirely upon carbide-ferrite 
interfaces. The average, uninterrupted ferrite path 
depended to a large extent on these interfaces. There 
were few ferrite grain boundaries in the spheroidite 
from pearlite compared to the number of carbide- 
ferrite interfaces, and even in the spheroidites from 
martensite a major percentage of the interruptions 
were caused by carbide-ferrite phase boundaries. In 
view of this it does not seem reasonable to assume 
that the observed difference of 200°F in transition 
temperature, between the spheroidites from mar- 
tensite and the spheroidite from pearlite, was caused 


Fig. 7—Same as fig. 3, etched with nital, X2000. 


Fig. 8—Same as fig. 4, etched with nital, X2000. 
Ferrite grain boundaries are indicated by arrows. 


by the distribution of the carbide particles. That is 
to say, the V-notch Charpy transition appears to 
depend profoundly upon some factor other than the 
mean, free-ferrite path. 

On the other hand, if the carbide particles are 
disregarded and consideration is given only to fer- 
rite grain structure, it would seem that sufficient 
difference exists so that the better ductility of the 
spheroidites from martensite might be ascribed to 
their ferrite grain structure. This includes both size 
and shape of the ferrite grains, for it is not possible 
at the present writing to separate the two effects. 

The ferrite grain diameter of the spheroidite from 
pearlite was about four times that of the spheroidite 
from martensite. It is unfortunate that this work 
using V-notch Charpy bars is not directly compar- 
able with study of ferrite grain size by Hodge, Man- 
ning and Reichhold‘ which was done on practically 
carbon-free steel with keyhold-notch Charpy bars. 
Notwithstanding it may be presumed, in harmony 
with their work, that a decrease in the ferrite grain 
size would lower the transition temperature with 
the V-notch as well as the keyhold-notch bar, so 
that all of the observed superiority of the spheroidite 
from martensite over the spheroidite from pearlite 
cannot be ascribed to the elongated shape of the 
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Fig. 9—Same as fig. 3, etched with nital, X150. 
Fig. 10—Same as fig. 2, etched with nital, X150. 


ferrite grains in the spheroidites from martensite. 

Assuming that the straight-line relation between 
ASTM grain size number and transition tempera- 
ture found by these investigators can be extra- 
polated to ferrite grain sizes of this work, the dif- 
ference in transition temperature with a keyhole- 
notch Charpy would amount to 90°F for the change 
from a ferrite grain size of ASTM No. 12 to No. 15. 
The difference observed using the V-notch Charpy 
was about 200°F. The greater differential in the 
present work might be due to one or more of several 
causes. For one thing, notch conditions are less 
severe with the keyhole than the V-notch. Again, 
the 30°F differential per ASTM grain size number 
observed with practically carbon-free steel may be- 
come larger, for spheroidites having the same car- 
bide particle size, as the carbon content of the steel 
is increased. Another reason for the 200°F dif- 
ferential in transition temperature has already been 
mentioned, namely, the difference in the ferrite 
grain shape between spheroidite from martensite 
and spheroidite from pearlite. 


Observation of Fractures 


The extent to which the difference in ferrite grain 
structures influenced the transition temperatures of 
the spheroidites described above made it seem of 


‘interest to examine broken impact specimens. The 
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Fig. 11—V-notch Charpy impact data for sphe- 
roidites from martensite and pearlite as indi- 
cated in legend. Hardness Rockwell B 92-94. 


object was to see what structural features were in- 
volved in the brittle failures that persisted to such 
high testing temperatures in the spheroidite from 
pearlite. - 

The specimens were plated with nickel and sec- 
tioned normal to the fractured surface. In both types 
of spheroidites, subsidiary cleavages that had not 
become a part of the final path of rupture were ob- 
served in the metal immediately adjacent to the 
brittle portion of the fractures. The illustrations to 
follow are drawn from micrographs of specimens 
broken at —320°F; however, enough specimens from 
within the transition range were examined to con- 
clude that the features of the brittle fracture at 
—320°F also represented features of the brittle por- 
tions of fractures obtained within the transition 
range. 

Figs. 12, 13, and 14 illustrate cleavages under the 
brittle portion of fractures in spheroidite derived 
from pearlite. The cleavages are reasonably straight 
within a single ferrite grain, or have zig-zag paths 
with roughly parallel zigs or zags. An instance of 
this may be seen in fig. 14. Cleavage may involve a 
number of rather similarly oriented adjacent grains, 
as illustrated by figs. 13 and 14. The zig-zag crack 
in fig. 14 passes through at least three ferrite grains. 
The zigs or zags in each grain are roughly parallel 
to those in the other grains. 

As indicated by the arrows in figs. 13 and 14, the 
cracks may cut through the carbide particles. They 
may go around also, as indicated at No. 1 in fig. 14. 
When passing through the carbide particles the 
crack may change direction, as in fig. 13, presumably 


Fig. 12—Final path of rupture and subsidiary cracks 
in spheroidite from pearlite, etched with nital, X1500. 
Brittle fracture at —320°F. 


Ble | TRANSACTIONS AIME, VOL. 188, DECEMBER 1950, JOURNAL OF METALS—1469 


Fig. 13—Same specimen as shown in fig. 12, but 
another area, X1500. 


Fig. 14—Same specimen as shown in fig. 12, but 
another area, X1500. 


Fig. 15—Same specimen as shown in fig. 12, but 

another area, X1500. Tearing between cleavages 

indicated by small tongues of deformed metal at 
arrows. 


to accommodate the characteristic cleavage direction 
of the cementite. 

The features of the subsidiary cleavages in the 
spheroidized pearlite were similar to those described 
by Tipper’ in the case of brittle fractures of mild 
steel. Tearing between cleavages in the formation 
of the final path of rupture was observed. This is 


illustrated by fig. 15, as indicated by the arrows.’ 


Deformation after cleavage but before final rupture 
is illustrated by fig. 16. The upper side of the cleav- 
age, indicated by the arrow, had-been bent upward 


and then torn away in the final rupture of the speci- 
men. 

Figs. 17, 18, and 19 illustrate the final path of 
brittle rupture and subsidiary cracking observed in 
the spheroidite from martensite. The same sort of 
deformation after cleavage may be seen as was ob- 
served in the spheroidite from pearlite. This is illus- 
trated at the double arrows in figs. 17 and 18. The 
ferrite cleavages may propagate through one or more 
contiguous ferrite grains, as in the case of the cleav- 
ages indicated by the single arrow in fig. 17. The 
ferrite grains are smaller and the cracks that are 
made up of multiple cleavages in adjacent grains 
are shorter than in the spheroidite from pearlite. 
The arrows in fig. 19 indicate about the maximum 
length of multiple cleavage path observed in the 
spheroidites from martensite. Another difference 
from the subsidiary cleavages observed in the sphe- 
roidite from pearlite was noted, namely, the tend- 
ency for subsidiary cracks to follow the ferrite grain 
boundaries. This is illustrated at Nos. 1 and 2 in fig. 
17 and at No. 1 in fig. 18. Just as in the case of sphe- 
roidite from pearlite, the subsidiary cracks were 
often observed to pass through carbide particles. An 
instance of this is indicated by the arrow in fig. 20. 

The foregoing microscopic evidence of the nature 
of the brittle fractures in the impact specimens sug- 
gests that the grain structure is an active agent in 
limiting the propagation of cleavage from one ferrite 
grain to the next. It is presumed that disorientation 
of adjacent ferrite grains would act in this way, and 
that a decrease in ferrite grain size would increase 
the probability of disorientation within any given 
unit volume of the specimen. On the other hand, 
even though the effect might be small in rapid de- 
formation such as impact loading, it is possible that 
deformation at the grain boundaries in preference 


_to slip within the grains may use energy that in the 


absence of sufficient grain boundary surface might 
be expended in initiating ferrite cleavage. As the 
grain boundary area is greater in the case of non- 
equiaxed than in equiaxed grain structures of the 
same average grain diameter, this might form the 
basis for an effect of grain shape. More data are 
needed before further discussion would be war- 
ranted. 
Conclusions 


The following conclusions apply to 0.80 pct car- 
bon, 1 pct nickel spheroidites of essentially the same 
carbide particle size and distribution, with hardness 
of Rockwell B 93. These spheroidites are believed 


_ Fig. 16—Same specimen as in fig. 12, X1500. De- 
formation after cleavage indicated by arrow. 
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Fig. 17—Final path of rupture and subsidiary cracks 

in spheroidite from martensite, etched in nital, X2000. 

Brittle fracture at —320°F. Single arrow indicates 

ferrite cleavage, double arrow indicates deformation 

after cleavage, numerals 1 and 2 indicate failure 
along ferrite grain boundaries. 


Fig. 18—Same specimen as shown in fig. 17, X2000. 

Double arrow indicates deformation after cleavage, 

numeral 1 indicates failure along ferrite grain 
boundary. 


to have been practically free from temper embrittle- 


ment. 

In spheroidites produced by sub-critical treatment 
of martensite, the austenite grain size at the mo- 
ment of quenching to martensite exerted little in- 
fluence on the ferrite grain size and shape of the 
spheroidite. A range of as-austenitized grain size of 
ASTM No. 6.5 to 1 was examined. The V-notch 
Charpy energy and fracture testing temperature 
curves for these spheroidites were practically iden- 
tical. 

A change in ferrite grain structure influenced the 
notched-bar impact transition temperature of the 
spheroidite. The small, nonequiaxed ferrite grain 
structure of the spheroidites from martensite gave a 
considerably lower transition temperature than the 
larger, equiaxed ferrite grain structure of a sphe- 
roidite obtained by sub-critical annealing of pearlite. 
It is believed that the uniform structure of small, 


nonequiaxed ferrite grains in spheroidites derived 


Fig. 19—Same specimen as shown in fig. 17, X2000. 
Multiple cleavage through adjacent ferrite grains 
at arrow forming part of final path of rupture. 


Fig. 20—Same specimen as shown in fig. 17, X2000. 
Arrow indicates cracked carbide particle. 


from martensite offers an explanation of the con- _ 
sistently good performance of unembrittled tem- — 
pered martensite, when compared with other steel 
structures by the notched-bar impact test. 
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Crystal Structures and Transformations in Indium -Thallium 


Solid Solutions 


by Lester Guttman 


X-ray diffraction and metallographic studies of the indium-thallium 
system have shown the existence of a transformation from face-centered 
tetragonal to face-centered cubic in the indium-rich solutions. The equi- 
librium diagram has been revised to conform with these measurements 

and published thermal data. 


HE equilibrium diagram of the indium-thalium 

system was of interest to us in connection with 
a study of the superconducting properties of metallic 
solid solutions in progress at this Institute. For this 
purpose, a series of alloys was prepared covering 
the range from pure indium to 75 atomic pct Tl, and 
X-ray diffraction patterns were obtained. Roughly 
speaking, the results indicated a region of continu- 
ous decrease in the axial ratio of the face-centered 
tetragonal structure from the value ca. 1.08 in pure 
indium to unity at about 23 atomic pct Tl. From 
this concentration to the solubility limit, the struc- 
ture was face-centered cubic, a form not reported 
by Hansen.* At this point we became aware of the 
work of Valentiner,’ who had found the same struc- 
tures at room temperature but had not investigated 
further the relationship between them. To study the 
transformation f.c.c.—f.c.t., and to clarify the phase 
diagram, we undertook the work reported in this 
paper and that which follows.* 


Preparation of Alloys 


Pure indium and thallium* (both about 99.9 pct, 
as estimated from spectroscopic analyses) were 
weighed out in quantities sufficient to prepare 10 to 
25 g of alloy of the desired concentration. (Occa- 
sionally indium was mixed with a previously pre- 


co stg ete ee a Ba ET as SE TE eS re ay 
* The indium and thallium were supplied by the American Smelt- 
ing and Refining Co., New York, N. Y. 
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pared solution.) The metals were melted over a 
flame, in an open graphite crucible, stirred with a 
graphite rod, and poured into a graphite trough. 
The rough slug was hammered and swaged into a 
rod of 2 to 3 mm diam, and annealed in a drying 
oven at about 125°C for 1 to 2 days. Samples were 
taken from the rod for analysis, as well as for 
diffraction and other measurements. The thallium 
was determined by electrometric titration, using a 
modification of the method of Beale and co-workers.* 
The precision of analysis was generally about + 0.2 
pet of the thallium content. The rods were some- 
times found to vary in thallium content as much as 
1.5 pet from end to end, but since analyses were also 
made close to the segments used in the various 
studies, the composition was usually known as ac- 
curately as the analyses could be made. Where one 
less significant figure is given, the error is esti- 
mated to be +0.4 pct of the thallium content. 


X-Ray Diffraction Measurements 


Three different cameras were used: (1) A 7 cm 
Debye camera, with oscillating specimen (manu- 
factured by the Picker X-ray Corp., Cleveland, 
Ohio); (2) a 9 cm diam Debye camera of the type 
designed by Bradley;* (3) a 10 cm diam symmetrical 
focusing back-reflection camera (manufactured by 
Geo. C. Wyland, Ramsay, N. J.). Samples were pre- 
pared from the homogenized rods, either by filing 
under liquid nitrogen, or more often, in the form of 
wires or foils made by working at room temperature 
or liquid nitrogen temperature. Sharp patterns were 
obtained from specimens annealed at room tem- 
perature, although higher annealing temperatures 
were also used (cf. below). Generally, copper radi- 
ation was used; a few patterns were obtained with 
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chromium radiation. Lattice parameters were evalu- 
ated by the well-known analytic method of Cohen,* 
as modified by Hess." The wavelengths used, ex- 
pressed in units of 10° cm, are as follows: 


Cu Kay 1.54050 

Ka. 1.54434 

, KB 1.39217 
Cr Ke, 2.28962 

Kas 2.29352 

KB 2.08479 


The results of these measurements are collected 
in table I, which gives, at each concentration, the 
dimensions of the tetragonal unit cell, a and c, the 
standard error, o, of each, and the axial ratio. (In 
the case of cubic structures, of course, only one 
dimension is needed.) The temperature of cold 
working and the annealing time and temperature 
“are included; if the last is omitted, room tempera- 
ture is to be understood. The seventh column gives 
the deviation of the unit cell volume, a’c (or a’), 
from a linear function of the atomic fraction of 
thallium, fitted to the values for the pure metals. 
The value for thallium is that given by Sekito” for 
the metastable f.c.c. form which he obtained by 
quenching liquid thallium in ice water; (the volume 
of stable hexagonal thallium is only 0.16 pct 
greater). The standard error of the volume devia- 
tion, given in the eighth column, includes a con- 
tribution from the estimated uncertainty in the 
composition, as well as that due to the errors in the 
lattice parameters from which it was computed. 


The same data are presented graphically in figs. 1, 
2, and 3. 

It can be seen that a increases and c decreases as 
the Tl concentration rises, the smallest value of the 
ratio observed being 1.023 at 22.24 atomic pct TI. 
The sample containing 22.73 pct Tl had an axial 
ratio of over 1.03 before annealing, and the f.c.c. — 
structure afterwards. Material containing about 
23.7 pct Tl, rolled at room temperature in an attempt 
to produce a structure with still smaller c/a, gave 
diffuse back-reflection patterns. This evident lack 
of equilibrium makes it impossible to fix the 
boundary between the two phases more closely, or 
to state more precisely the dependence of lattice 
parameters on concentration in the vicinity of the 
boundary. 

The fact that the volume of the terminal solid 
solution is so nearly the sum of the volumes of its 
components over the entire concentration range 
suggests that the deviation from additivity may be 
used as a sensitive test of approach to equilibrium. 
Inspection of fig. 3 shows, in fact, that data from 
specimens annealed for more than a few minutes 
above 100°C (solid circles) lie on a markedly 
smoother curve than those from specimens an- 
nealed for shorter times or at lower temperatures 
(open circles). Indeed, one might conclude from 
fig. 3 that at equilibrium there is no discontinuity 
in volume exceeding 0.1 pct (and probably none 
greater than 0.03 pct) across the boundary between 
the f.c.t. region and the f.c.c. region, although some 
caution must be exercised in the face of the evidence 
for irreversibility. 


Table I. Results of X-Ray Diffraction Measurements on In-T! Solid Solutions at Room Temperature (24 + 1°C) 


Atomic 
Pet 
Tl as 10°0(a)* (ei 10°a(c)* c/a AVE ao (AV) ** Heat Treatment 
Face-centered tetragonal 
0 4.59929 26 4.94778 37 1.07577 (0) (1) (3) F 
12.5 4.64362 34 4.90928 79 1.05721 0.011 0.023 (1) ; annealed 130°C, 30 min 
18.06 4.66135 33 4.88902 85 1.04884 —0.152 0.022 (1) : 
18.06 4.67019 23 4.87829 59 1.04456 0.022 0.016 (1) ; annealed 125°-135°C, 10 min 
19.64 4.66766 54 4.88052 718 1.04560 —0.195 0.022 (2) : 
19.64 -4.67294 65 4.87092 98 1.04237 —0.164 0.031 (2) ; annealed 100°C, 1 min 
19.64 4.67950 19 4.86779 43 1.04024 0.066 0.012 (2) ; annealed 105°C, 10 min 
19.75 4.68678 26 4.85960 50 1.03687 0.209 0.016 (1) ; annealed 100°C, approx. 3 min 
20.75 4.68792 35 4.85475 61 1.03559 0.059 0.017 (1) ; annealed 110°C, 2 min 
22.2 4.70566 18 4.82598 38 1.02557 0.093 0.014 (1) 
22.24 4.70930 45 4.81751 a2 1.02298 0.066 0.022 (2) 
22.73 4.69193 38 4.84943 63 1.03357 —0.064 0.018 (1) 
22.73 4.69193 a7, 4.84506 100 1.03264 —0.160 0.031 (1) ; annealed room temp, 3 days 
Face-centered cubic 
A 5 110 —0.02 0.044 filed nitrogen temp; annealed 110°C, 20 min 
35.16 4.74942 21 0.082 0.010 (1) ; annealed 125°C, 30 min } 
30.4 4.75719 22 0.112 0.014 (1) ; annealed 125°C, 90 min 
34.7 4.76417 9 0.175 0.018 (1) ; annealed 125°C, 60 min 
3 39.9 4.77163 41 0.193 0.019 (1) ; annealed 125°C, 30 min 
50.7 4.78368 27 —0.009 0.022 (1) ; annealed 110°C, 20 min 
55.33 4.78982 40. —0.024 0.019 (1) ; annealed room temp, 24 hr 
55.33 4.79014 35 —0.002 0.017 (1) ; annealed 100°C, 20 min 
66 4.79543 24 (0) (0) (1) ; annealed room temp, 28 days 
100 4.851 (0) (0) quenched from liquid (Sekito) 
aD Body-centered cubic 
0.203 (1) ; annealed 120°C, 15 min 
ee Peas te (1) ; annealed room temp, 28 days 


Notes: 
* In units of 10-5 cm 


** In units of 10-24 em’ 


(1) Heavily cold worked at room temperature. 


(2) Heavily cold worked at liquid nitrogen temperature. 


(3) For purposes of comparison, we give the values for pure In obtained by other workers: 


ce = 4.9471 x 10-§ cm 
c = (4.9457 x 10-§ cm 
+0.001) 


= 4.5986 x 10-§ cm 
= (4.5981 x 10-5 cm 
0.001) 


aa 


e/a = 1.07578, 
c/a = 1.0756 + 0.001 Ref. 9. 


Error—‘“‘3-8 parts in 10°’’. Ref. 8. 


AV = ac (obs) — [104.663 x (atom-fraction In) + 114.153 x (atom-fraction Tl) ] 


= og = standard error 
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Fig. 1—Unit cell dimensions of indium-thallium 
solid solutions at room temperature (24 + 1°C). 
© More thoroughly annealed specimens. (Cf. table I.) 


10) 5 10 15 20 25 
Atom % TI 
Fig. 2—Axial ratio of indium-thallium solid solu- 
tions at room temperature (24 + 1° C). 
@ More thoroughly annealed specimens. (Cf. table I.) 


No lines have been observed, at any composition, 
that would correspond to ordered structures. 


Microstructure of the Tetragonal Phase 


Since the cubic and tetragonal structures lie in 
adjacent composition regions at room temperature, 
it was anticipated that a given composition could 
be converted into one form or the other by change 
of temperature. By analogy with the system Cu- 
Mn,” which seems to exhibit a similar transforma- 
tion, it was also expected that the tetragonal phase 
after transformation would show a lamellar micro- 
structure. This expectation has been confirmed, as 
shown, for example, in fig. 4, which is a micrograph 
of a sample containing 20.75 pct Tl. This sample 
had been pressed at about 100°C between polished 


Table II. Temperatures of Appearance and Disappear- 
ance of Surface Markings in In-Tl Solid Solutions 


Extreme Temperatures at which 


Atomic Changes Occurred, °C 

Pet Heating Cooling 

Tl Min Max Min Max 
18.06* 104.4 111.6 103.9 106.7 
19.64 78.1 80.0 75.8 81.0 
20.75** 61.3 63.7 57.3 59.9 


*Two different samples. ** Two different fields. 


fe) 10 20 30 40 50 60 


Atom % TiI——> 
Fig. 3—Deviation of unit-cell volume from addi- 
tivity in indium-thallium solid solutions at room 
temperature (24 + 1°C). 
© More thoroughly annealed specimens. (Cf. table I.) 


steel blocks lightly coated with mineral oil, and 
photographed under oblique illumination when cool. 
The surface, which had been flat when hot, was now 
distorted, and every grain was seen to be traversed 
by one or more sets of alternately dark and light 
bands. For each of three concentrations of Tl, a 
sample prepared in this way was observed at mod- 
erate magnification on an electrically heated stage, 
while its temperature was measured with a copper- 
constantan thermocouple pressed into the face. The 
markings disappeared on heating and reappeared 
on cooling. The temperature of disappearance (or 
appearance) was different at different places in a 
given sample, and ata given place was also some- 
what different for each reheating (or recooling). In 
table II are shown the lowest and highest tempera- 
tures at which appearance or disappearance was 
seen in several cycles of heating and cooling. 

These results show that the temperatures of ap- 
pearance and disappearance vary several degrees, 
and that the former usually lie 1° to 5°C lower than 
the latter. No other systematic effects, as of heating 
or cooling rate (in the range 0.1° to 5°C per min) 
or of thermal history, were noticed. However, any 
such effects would necessarily be small, in view of 
the small hysteresis, and could easily have escaped 
detection by the rather crude method used _ here. 

The changes in the surface markings occurred 


Fig. 4—Surface distortion after transformation to 
tetragonal structure in 20.75 atomic pet TI. 


Oblique illumination, X75. Area reduced approximately 50 pct 
for reproduction. 
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Fig. 5—Frames selected from motion pictures of 20.75 pet Tl on cooling. 


Oblique illumination, about X50. Frames (1,2,3,4), (5,6), and (7,8) are consecutive, at about 15 frames per sec. 
Frames are numbered consecutively starting with the top left frame and reading from left to right. Area reduced 
approximately 50 pct for reproduction. 


slowly enough under the conditions described that 
motion pictures of the process could be made. A 
series of frames, illustrating the development of the 
markings, is shown in fig. 5. The process on cooling 
is characterized by the following features: 

1. The first bands appear suddenly in a given 
grain, extending from one boundary to the opposite 
(frame 2). 

2. The bands then fill the grain, by more or less 
rapid broadening of existing bands (frames 3, 4, 5, 
7), by production of new bands parallel and ad- 
jacent to those already existing (frames 6, 8), by 
the production of new bands at a distance from ex- 
isting bands (frame 7, top grain), or by a combina- 
tion of these steps. 

3. The surfaces of two adjacent bands contrast 
not only with each other, but with the unbanded 
surface. 

4. Bands on either side of a grain boundary, al- 
though not parallel, frequently grow at the bound- 
ary simultaneously, i.e., the unaided eye can detect 
no time interval between events on either side. 

On heating, the process takes place very much in 
- the reverse way as on cooling, with the additional 
feature that the contrast between bands decreases, 
and the boundaries become less distinct before the 
final abrupt vanishing. 

The finer details of the microstructure are only 
revealed on polished and etched surfaces. The fol- 
lowing procedure has been found satisfactory for 
concentrations between zero and about 25 pct TI: 

When a flat surface has been produced by careful 
mechanical polishing, the unmounted specimen is 
annealed and electropolished in a solution contain- 
ing 75 ml “Carbitol,” 5 ml concentrated HNO,, and 
2 ml concentrated HCl, at 40 to 60 v, 0.3 to 0.6 amp 
per cm’, with constant stirring, at room temperature 


(1 cm or less from an Al cathode). An anodic film 
soon forms which prevents further polishing, and 
must be removed occasionally with 10 pct HF. The 
electroetching is carried out in the polishing solu- 
tion at about 3 v. 

The etched surfaces show the presence of bands in 
every grain, particularly in polarized light, where, 
if the anodic film has not been removed, the colora- 
tion is striking. The most noteworthy feature, how- 
ever, is the presence of fine markings within the 
main bands (fig. 6). To show the markings best, the 
etching conditions must be rather critically ad- 
justed, and the sample must be properly oriented 
with respect to the plane of polarization of the in- 
cident light.. Under the right conditions, the fine 
markings can be seen in nearly every grain, and it 
seems safe to assume that when they cannot be 
seen, it is only because of unfavorable orientation 
of the grain with respect to the exposed surface. 
Photographs of the fine markings at very high mag- 
nification appear as in fig. 7. 

The microstructure is interpreted in terms of a 
mechanism of transformation in ref. 3. For the 
present, it will be assumed that the appearance of 
the surface markings coincides with the formation 
of the tetragonal structure, and vice versa. 


X-Ray Measurements at Higher Temperatures 


To confirm the qualitative relationships between 
the various phases suggested by the X-ray results 
at room temperature, observations were made of the 
diffraction patterns of various compositions at 
higher temperatures. The technique, which is de- 
scribed in more detail in ref. 3, was to mount a foil 
of alloy on an electrically heated Dural block in the 
focusing position of a Geiger counter X-ray spec- 
trometer (General Electric XRD-3). The tempera- 
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Fig. 6—Fine lamellae in 20.75 pet Tl, electropolished 
and electroetched. 


X250, polarized light. Area reduced approximately 
6 pet for reproduction. 


ture was controlled automatically, and was meas- 
ured by a copper-constantan thermocouple pressed 
into the face of the sample. 

From observations of any tetragonal doublet, 
such as (220) (202), it is possible to calculate the 
unit cell dimensions. A set of such results, from a 
specimen containing 20.75 pct Tl, is plotted in fig. 8. 
Because of inaccurate sample alignment, the ob- 
served diffraction angles had to be corrected by a 
small amount (0.06° at 26 = 27°) to bring them 
into agreement with the precision room-tempera- 
’ ture values. For the same reason, the ratio c/a is 
probably more accurate than the individual dimen- 
sions. These data, which were actually taken on 
cooling, show that the cubic lattice is distorted, in 
a temperature interval of less than 0.2°C, to a 
tetragonal lattice of the same volume, which then 
undergoes a further gradual increase in axial ratio 
as it cools. The temperature of transformation lies 
close to the range in which surface effects were ob- 
served in other specimens of the same composition 
(table II). This point is discussed further in ref. 3. 

Other results obtained by this method are re- 
ported at the relevant places in the next section. 


Discussion of Results 


The equilibrium diagram of the indium-thallium 
system shown in fig. 9 is derived from the results 
of Valentiner* and the present work and is pre- 
sented as a basis for further discussion. 

1. The body-centered cubic form found at room 
temperature is undoubtedly a terminal solid solu- 
tion derived from the high-temperature form of T], 
as determined by Lipson and Stokes.” The bound- 
ary (b.c.c.+h.c.p.)/(h.c.p.) is that determined by 
Valentiner from thermal measurements. The 
boundary (b.c.c.)/(b.c.c.+h.c.p.) has been located 
at two points only: (a) The transformation tem- 
perature in pure Tl; (b) at room temperature at 
about 77 pct Tl, from Valentiner’s diffraction re- 
sults, combined with the observation in this study 

‘that a sample containing nominally 75 pct Tl con- 
sisted of b.c.c. along with a small amount of h.e.p. 
Since another portion of the same material con- 
tained only one phase (table I), the difference must 
be ascribed to a small variation in composition 
within the sample; at any rate, the boundary can- 
not lie at much more than 77 pct Tl. The boundary 


Fig. 7—Fine lamellae in 20.75 pct Tl, electropolished 
and electroetched. 
X2000. Area reduced approximately 50 pet for reproduction. 


(f.c.c.+b.c.c.) /(b.c.c.) is determined at three points: 
(a) It terminates at the peritectic temperature and 
the composition found by Valentiner; (b) at room 
temperature, the lattice parameter of the b.c.c. in 
the two-phase region is identical with that of the 
single-phase material (74.9 pct Tl, table I); hence 
the boundary must lie close to 75 pct Tl; (c) dif- 
fraction measurements, made as described in the 
previous section, on a sample containing 66 pct TI, 
showed it to become homogeneous on heating to 
88°C, whereas two phases were present at 84°C 
and below. 

2. The boundary (f.c.c.)/(f.c.c.+b.c.c.) is deter- 
mined at three points: (a) At its upper end, it is 
fixed by Valentiner’s peritectic temperature and 
composition; (b) at room temperature, the evidence 
from fig. 3 is that deviations from volume additivity 
approach zero in the region 50 to 55 pct Tl; hence, 
from the lattice parameter of the f.c.c. phase in the 
two-phase region (66 pct Tl, table I), a simple 
computation gives 59.,; pct Tl as the solubility limit; 
(c) from observations on the Geiger counter spec- 
trometer, a sample of 50 pct Tl contained less than 


Temperature °C 


Fig. 8—Unit cell dimensions and axial ratio of 
20.75 pet Tl at higher temperatures. 
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1 pet of the b.c.c. phase on cooling to 121°C)and 
certainly consisted of two phases at 122°C and above. 

3. The boundary (f.c.t.)/(f.c.c.) has been drawn 
through the average of the temperatures of appear- 
ance and disappearance of surface markings, and 
at room temperature passes through 22.7 pet TI, the 
only composition obtained in both forms. The 25 
pet material was tetragonal at liquid nitrogen tem- 
peratures, while 30 pct was still cubic. No two- 
phase region has been drawn separating these 
solutions, since all diffraction patterns at room 
temperature contain only lines from one structure 
or the other, never from both. This behavior is 
typical of a transformation of the second order (or 
higher). In a one-component system such a trans- 
formation is characterized by equality of the en- 
tropy and volume of the phases in equilibrium at the 


transformation temperature; in two-component so- 


lutions, as has been shown by Stout," the composi- 
tion is also the same in the two phases, and the 
system consists entirely of one or the other phase, 
according to whether it is above or below the trans- 
formation temperature.t Additional support for this 
possibility is provided by the observed continuity 
of volume (fig. 3). However, it should be men- 
tioned that transformation of a f.c.c. solution con- 
taining 75 pct Tl to the b.c.c. form at the same 
composition would involve an increase in volume of 
only 0.4 pct (if the extrapolation of volume additiv- 
ity is valid), yet this transformation is clearly of 
first order, with an unambiguous two-phase region. 

At higher temperatures, both forms have been 
simultaneously observed visually (fig. 5), and in 


+ Since the results of Stout’s treatment are not in accord with 
the usual concepts of phase relationships, it is perhaps worth em- 
phasizing that they have been deduced strictly thermodynamically. 
Therefore, no violation of the Phase Rule is involved in not show- 
ing any two-phase region when experiment indicates that no latent 
heat accompanies the transformation. In fact, there are commonly 
accepted diagrams showing just such transformations, e.g., the mag- 
netic transformations in iron and nickel alloys, and the order- 
disorder transformation in f-brass. It should also be mentioned 
that highly precise measurements of the heat capacity in the vicin- 
ity of the transformation temperature are needed to distinguish a 
first from a second-order transformation (even in the unlikely 
event that equilibrium is rapidly established), because there is no 
isothermal absorption of heat in either case when two components 
are present. 
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Fig. 9—Equilibrium diagram of indium-thallium 
: system. 


diffraction patterns (in the case of 18 pct material, 
tetragonal lines have been recorded as much as 25°C 
above the temperature at which the bulk of the 
transformation takes place). Nevertheless, it is felt 
that these were nonequilibrium situations, produced 
perhaps by local stresses or fluctuations in composi- 
tion or temperature, and that the results at room 
temperature, indicating no two-phase region wider 
than about 0.5 pct Tl, represent a closer approach 
to equilibrium through recrystallization after cold 
working. 
Summary 


X-ray diffraction and metallographic studies 
have been made on the In-T] system. 

1. A transformation f.c.t.—f.c.c. has been found 
to occur at a temperature of about 105°C at 18 
atomic pct Tl and 25°C at about 23 pct Tl. The 
tetragonal form is the stable one at low tempera- 
tures. 

2. The transformation produces a distinctive 
lamellar microstructure, and the progress of the 
interface between the phases can be followed by 
the surface distortions produced. 

3. Precision X-ray diffraction measurements at 
room temperature from 0 to 75 pct Tl have been 
combined with observations at higher temperatures 
and published thermal data to construct an equilib- 
rium diagram for the system. 
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Crystallography of Cubic-Tetragonal Transformation 
In The Indium-Thallium System 


by J. S. Bowles, C. S. Barrett, and L. Guttman 


The diffusionless transformation from cubic to tetragonal in In-TI 
alloys on cooling is analyzed by metallographic and X-ray measurements. 
Theories of atom movements are tested by precision pole figures, and it 
is concluded that the transformation occurs by a double shear process, 


(101) [101] followed by (O11) [011]. 


HE transformation from the face-centered cubic 

(Al) to the face-centered tetragonal (A6) 
structure in certain alloys of the indium-thallium 
system reported in the preceding paper’ exhibits 
many interesting crystallographic and metallo- 
graphic features, most of which presumably are 
similar to those of other cubic to tetragonal trans- 
formation such as, for example, the one which oc- 
curs in the chromium-manganese system, the one 
which, judging by microstructures and X-ray pat- 
terns, probably occurs in the copper-manganese 
system, the ones accompanying ordering in FePt,* 
CoPt,* and AuCu,’ and the transformation near 
115°C in barium titanate.” ”° If, as mentioned in 
ref. 1, the transformation is second order, the phases 
in equilibrium do not differ in composition, and it is 
both possible and likely that the mechanism is a 
diffusionless one. The present paper reports the re- 
sults of a detailed study of the indium-thallium 
transformation and presents a theory for the atomic 
movements of the transformation which accounts 
for the observations. 


Experimental 


Crystallography of Transformation Markings 


The transformation from cubic to tetragonal in 
the indium-thallium alloys produces microstruc- 
tures of the type illustrated in fig. 1. These struc- 
tures are observable either as relief effects pro- 
duced on a smooth surface by the transformation, 
or after polishing and etching. These microstruc- 
tures are markedly similar to those found in copper- 
manganese alloys,’ iron-platinum alloys,* and 
barium titanate,” *° where it has been demonstrated 
that the lamellae are parallel to the {101} planes of 
the original cubic crystal. That the observed lamel- 
lae in indium-thallium alloys are also parallel to 
the {101} planes was proved by the following 
analyses performed on single grains in polycrystal- 
line samples containing 20.75 atomic pct TI. 
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Fig. 1—Typical micrograph of the lamellar struc- 
ture in a 20.75 pct Tl alloy after etching. K250. 
Polarized light. 


A study of the microstructures of a number of 
specimens revealed the fact that in many specimens 
the transformation markings continued unchanged 
in direction across the {111} interfaces of annealing 
twins. This at once demonstrates that the lamellae 
are parallel to a plane that is common to both 
parent and twin orientations, i.e., a plane in the 
zone <112>. This conclusion is compatible with the 
lamellae being parallel to {101} planes. To make a 
more complete determination of the habit plane of 
the lamellae, two grains were selected in which 
annealing twins ({111} twins) had been present in 
the high-temperature modification (cubic). The 
traces of the annealing twins, and of the transforma- 
tion markings in both parent and twin crystals, 
were plotted together in stereographic projection, 
and a parent-twin pair of orientations was found 
that accounted for all lamellae as {101} planes. The 
projection of one of these twinned grains is repro- 
duced in fig. 2. 

In view of these results the probability of there 
being another solution for the habit plane remote 
from {101} is very small, but to explore the possi- 
bility that the habit plane deviates slightly from 
{101}, a more precise analysis was undertaken. In 
this, the orientation of a grain in the cubic modifica- 
tion was determined from a Laue back-reflection 
photograph taken with the sample at 90°C. The 
traces of the lamellae that formed in this grain on 
cooling were plotted in the stereographic projection 
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of the parent orientation, fig. 3, and the poles of 
{101} planes were found to lie accurately on the 
trace normals as predicted for the {101} habit. 

By these and several other analyses of the traces 
in grains free from {111} twins, it was established 
that the transformation markings, both the main 
(long) lamellae and the sub-bands within them, 
are accurately parallel to the {101} planes of the 
parent cubic crystal. These analyses also showed 
that the sub-bands were always parallel to those 
{101} planes that lie at 60° (never 90°) to the plane 
of the main bands. Furthermore, in a given main 
band, e.g., the light set in fig. 1, more than two 
different sets of sub-bands were never observed. 
The different sets of sub-bands within a single main 
band were invariably parallel to {101} planes at 
90° to each other. 


Transformation Mechanism 


_— Two fundamentally different mechanisms can be 
visualized for this transformation, and experiments 
were conducted to test each of these hypotheses. 
The first of these assumes that the original cubic 
crystal becomes tetragonal, by simple expansion 
along one cube axis and contraction along the other 
two, without change of orientation. Such a trans- 
formation would lead, at least in polycrystalline 
specimens, to high internal stresses which could be 
relieved by twinning the tetragonal grains on {101} 
planes. Alternatively, the transformation could be 
of the martensitic type, with the change in struc- 
ture from cubic to tetragonal being achieved by 
means of shears on the {101} planes. It can be 
shown (Appendix 1) that a cubic lattice can be 
distorted into a tetragonal lattice by means of 
consecutive shears on two {101} planes at 60° to 
each other. 

Transformations occurring by these two mecha- 
nisms might differ with respect to the relative tem- 
peratures at which the tetragonality and the 
lamellar structure appear. The double shear mecha- 
nism would predict that the tetragonality and the 
relief effects would appear at the same instant, 
whereas from the twinning mechanism it might be 
expected that twinning would not occur until the 
tetragonality reached some critical value. Experi- 
ments were accordingly carried out to elucidate 
this point. Coarse-grained polycrystalline samples 
containing 20.75 atomic pct Tl were mounted in a 
small furnace supported by a goniometer head, and 
this in turn was centered on an automatically re- 


cording Geiger counter X-ray spectrometer. The - 


goniometer was adjusted so that a cubic (220) re- 
~ flection from a selected and identified grain on the 
specimen, as well as the (220) and the (202) re- 
flections from the tetragonal lamellae that formed 
within the grain during cooling, entered the counter 
—when the latter was set at the appropriate diffrac- 
tion angle for each reflection, respectively. Thus as 
a small range of angles was scanned repeatedly 
during very slow cooling, the appearance of tet- 
ragonality was evident on the chart record. Simul- 
taneously, the grain under investigation and its 
neighbors were kept under observation in a low- 
power metallurgical microscope, so that the appear- 
ance of the lamellar structure could be detected. 
The smooth surface was prepared by pressing 
against a polished block at 90°C. The temperature 
was read continuously by means of a thermocouple 
embedded in the specimen not far from the grain 
being studied. : 


Fig. 2—Stereographic analysis of a transformed 
twinned grain. 


Open squares, triangles, ellipses are poles of {100}, {111}, 

{110} in parent crystal. The two filled symbols are {110} 

poles of twin No. 2 and the double ellipses are {110} poles of 

twin No. 1 (as well as the parent “‘P’’); these superimpose on 

the appropriate trace normals of the lamellae (diameters). 

Dotted diameters are trace normals of {111} twin boundaries, 
which superimpose on {111} poles. 


The results of these experiments can be sum- 
marized as follows: 

1. To within the accuracy of the method used 
(0.2°C), the lamellar structures and the tetragonal- 
ity appear at the same temperature. 

2. The first plates to form possess a finite degree 
of tetragonality, the axial ratio being 1.020. As the 
temperature is lowered to room temperature the 
degree of tetragonality increases. 

3. The lamellar structures are formed by the 
propagation of an interface parallel to the main 
bands. The interface moves at a rapid but observa- 
ble rate. Each nucleus develops into a large number 
of main bands tilted in opposite senses. 

4. The transformation occurs only during cool- 
ing and ceases if cooling is interrupted. 

5. The range of temperatures over which trans- 
formation occurs, and the hysteresis gap between 


Fig. 3—Stereographic analysis of traces of a trans- 
formed grain. 
X-ray orientation indicated by squares, ellipses, and triangles 


for poles of (100), (110), and (111) planes; trace directions are 
Ti, To, Ts, Ts; trace normals are diameters. 
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Fig. 4—{101} twin- 
\@ ning ina tetragonal 
crystal. The angle 
“3c” is 2°0’ for 
c/a = 1.0356. 


the direct and inverse transformations, are quite 
small, 34°C and 412°C, respectively. 

6. The tetragonal to cubic transformation ap- 
parently proceeds by a mechanism that is just the 
reverse of the direct transformation, since except 
for occasional residual markings, the relief effects 
produced on cooling disappear on heating. 

The simultaneous appearance of the tetragonality 
and the lamellar structures, and the observation 
that the first plates possess a finite tetragonality are 

*not contradictory to the double shear theory. How- 
ever, they excluded a twinning theory based on a 
gradual appearance of tetragonality on cooling.* 


Orientation Relationships 


Opportunity for more definitive tests of shear and 
twinning hypotheses is provided by the orientation 
relationships in the transformation products of an 
individual grain. 

The orientations predicted by the twinning hy- 
pothesis are merely first and second generation 
twins of the original orientation. A grain showing 
main bands parallel to a single {101} plane would 
be regarded in the twinning hypothesis as divided 
into alternate bands of the original orientation and 
its twin on the indicated {101} plane. The sub- 
bands would be regarded as further subdividing 


* These data are not adequate to test a twinning theory in which 
tetragonality appears abruptly with an axial ratio sufficient to cause 
twinning, but this possibility is excluded by data described in the 
next section. 


"a poles | "c" poles 
Twinning Pole Figure a [a} 
Double Shear Pole Figure e ° 


Fig. 5—Pole figure of all possible orientations for 
the double shear and the twinning mechanisms. 


Only the region around one of the original axes is shown, and 
for the twinning mechanism the axis in question is the c axis. 


these main bands into other first-generation and 
second-generation twins, respectively. Since the 
axial ratio is nearly unity (c/a = 1.0356 for 20.75 
pet Tl), these twin orientations would differ from 
each other by nearly 90°. For a first order twin, the 
(100) plane is at 2° from the (001) plane of the 
original (fig. 4). The axes of all orientations pro- 
duced by twinning are therefore clustered within a 
few degrees of the original axes. Fig. 5 shows the 
region of the pole figure around the original tet- 
ragonal axis, if all first and second generation twins 
are formed. 

Somewhat different orientations would result 
from the double shear mechanism. As is shown in 
Appendix 1, the required first shear amounts to one- 
third that required for twinning the final tetragonal 
crystal and occurs on the same system, i.e., (110) 


[110]. In a cubic crystal this shear may occur 
equivalently in either of the opposite senses. Thus 
the interpretation given to the main bands by this 
mechanism is that they represent regions in which 
the first shear has occurred in opposite senses.t 
This shear produces a structure one-third of the way 
between two tetragonal twins. Two twin tetragonal 
orientations can therefore be produced by a second 
shear on the appropriate {101} plane. Occurring in 
one sense this second shear would be equal in mag- 
nitude to the first; in the opposite sense it would be 
double the magnitude of the first. The shears in- 
volved in the production of one set of main bands, 
with each main band of the set containing one set 
of sub-bands, are shown schematically in table I, 
together with the approximate changes in length of 
unit vectors along [100], [010] and [001]. 

The orientations produced by this double shear 
mechanism can be determined very simply by carry- 
ing out the proposed shears in stereographic pro- 


{The double shear mechanism predicts that the surface in neigh- 
boring main bands would be tilted in opposite senses. The twinning 
mechanism discussed above predicts that only alternate bands 
would be tilted, and these all in the same sense. Motion picture 
studies! show that neither main band reflects light in the same 
direction as the untransformed surface. This is as demanded by 
the double shear theory and contrary to the simple twinning theory. 
To account for this by a twinning mechanism it would be necessary 
to assume that none of the main bands retained the original ori- 
entation; this modified theory fails to account for the orientations 
observed (see later). 


Table I. Schematic Representation of Double Shear 
: Mechanism 
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Second shear (110) 
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Tetragonal Tetragonal Tetragonal Tetragonal 


Four more tetragonal orientations could be produced by using 
(011) and (110) as second shear planes. 
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jection, as was done for a similar case by Greninger 
and Troiano.’ Fig. 5 shows the region of the pole 
figure around one of the original cubic axes, when 
all possible tetragonal orientations are present. It is 
immediately apparent that these orientations are 
different from those predicted by the twinning 
mechanism. There are more possible orientations 
and only a few of the various pairs of orientations 
are twin pairs. 

To test these orientation predictions, precision de- 
terminations were made of the relative orientations 
of the tetragonal regions produced in a single grain 
of the original cubic material. For this purpose a 
two circle goniometer constructed from a surveyor’s 
transit was used in conjunction with a General 
Electric XRD3 Geiger counter X-ray spectrometer. 
The goniometer was mounted with its optical center 
in the X-ray beam, and at the center of rotation of 
the Geiger counter. The collimating slit was re- 
placed by a pinhole system 0.76 mm in diam, and 
the counter slit by an aperture 3 mm wide horizon- 
tally by 0.5 mm vertically. Absorption in the speci- 
men precluded the possibility of determining the 
complete pole figure from a single grain, but in- 
vestigation of different grains allowed a complete 
picture to be obtained. Polycrystalline specimens 
of the 20.75 pct Tl alloy were used in which the 
_grains were about 1 mm in diam. 

“In the interests of simplicity a single set of main 
bands was always selected for investigation. To 
eliminate reflections from neighboring grains, or 
other sets of main bands in the grain being studied, 
the region around the selected area was painted out 
with a paste of litharge and glycerin. The mean 
orientation was first determined approximately 
from the traces of the single set of main bands and 
the sub-bands within them. The goniometer was 
then adjusted so as to bring one group of {100} 
planes into a reflecting position.. The relative posi- 
tions of reflecting planes, both (400) and (004), 
were then determined and the results plotted in 
stereographic projection on a large scale. The 
radius of the projection was adjusted to make a 


Fig. 6—Pole clusters predicted by the double shear 
and twinning mechanisms (see text). 


Filled symbols are a poles; open symbols, c poles. 
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Fig. 7—Comparison of observed pole cluster with 

those predicted by the double shear and the twin- 

ning mechanisms for the case where the cluster 

was generated from that cube axis lying in the 
plane of the main band. 


Observed poles 
Double Shear Prediction 
Twinning Prediction 


Fig. 8—Comparison of observed pole cluster with 

those predicted by the double shear and the twin- 

ning mechanisms for the case where the cluster 

was generated from a cube axis not lying in the 
plane of the main band. 


scale of 1 in. = 1° in the vicinity of the cluster. 


This is equivalent to a projection radius of approxi- 
mately 112 in. The centers of other groups of poles, 
e.g., (113), (311), were also determined in order to 
obtain a more accurate mean orientation than that 
determined from the traces. 

With the restriction of studying only a single set 
of main bands, the group of poles may be of two 
types depending on whether or not the group orig- 
inated from a cube axis parallel to the plane of the 
main band. If the cluster of poles investigated was 
generated from the cube axis lying in the {101} 
plane parallel to the main band, then the final 
cluster predicted by the simple twinning mechanism 
and the modifications of it that have been mentioned 
would be as shown in fig. 6a. This cluster consists 
of four c poles and one a pole, arranged in the form 
of a cross on intersecting <100> zones. The cluster 
predicted from the double shear mechanism is 
shown in fig. 6b. Here again the poles are arranged 
in the form of a cross on intersecting <100> zones, 
but in this case there are four c poles and four a 
poles. Five clusters originating from the cube axis 
contained in the main band were examined experl-, 
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Fig. 9—Micrograph of a 20.75 pct Tl alloy illustrat- 
ing the variation in width of the main bands as the 
colony propagates. X75. 


mentally. The experimentally observed cluster 
shown in fig. 7 is typical of the results. As can be 
seen there are four c poles and four a poles and 
their relative positions are in excellent agreement 
with those predicted by the double shear mechanism. 

The clusters of poles predicted by the two mecha- 
nisms for the case where the cluster has been 
generated from a cube axis not lying in the main 
band, are shown in figs. 6c and d. In this case the 
twinning mechanism predicts three a poles and one 
c pole, while the double shear mechanism predicts 
three a poles and two c poles. In both cases the 
poles are arranged in the form of a “T” at the 
intersection of two <100> zones. Two clusters of 
this second type were examined and both were 
found to contain three a poles and two c poles. The 
arrangement of these poles was again in excellent 
agreement with that predicted by the double shear 
mechanism. The projection of one of these clusters 
is shown in fig. 8. 

It should be noted that, whereas the clusters pre- 
dicted from the double shear mechanism are the 
only possible arrangements, those predicted from 
the twinning mechanism have been derived to com- 
ply with the observed {101} traces. The double 
shear mechanism is consistent with the observation 
described earlier, that the sub-bands are always 
parallel to {101} planes at 60° to the main bands. 
It also follows from the double shear mechanism 


Fig. 10—Micrograph showing interpenetration of 
two sets of main bands. X250. Polarized light. 


that a single main band can contain only two dif- 
ferent sets of sub-bands, these being parallel to 
{101} planes at 90° to each other. This is the ob- 
served behavior. In the case of the twinning mecha- 
nism however, there would be other possibilities, 
for the parent orientation may form four first- 
generation twins and any one of these may form 
three new second-generation twins. Thus a single 
set of main bands, consisting initially of alternate 
bands of the parent orientation and one of its twins, 
could further subdivide into three sets of sub-bands 
in each main band. 


Discussion of Results 


In view of the results that have been described 
there can be little doubt that this transformation 
occurs by the double shear mechanism that has been 
proposed. This mechanism is consistent with the 
observed tetragonal orientations and the observed 
microstructures, and predicts relief effects of the 
observed type. The transformation is therefore to 
be regarded as a diffusionless or martensitic trans- 
formation. 

Transformation mechanisms involving two dis- 
tortions of the parent lattice have also been proposed 
for the martensite transformations in steel.” * It is 
important that the significance of these shears be 
made clear. Briefly, they describe the correspond- 
ence in position between atoms before and after 
transformation. If both shears occurred homogene- 
ously, the total distortion of the lattice could be 
described by a single homogeneous distortion which 
would not be a simple shear. However, in order to 
explain the observed relief effects, it is necessary 
to propose that the second shear is a heterogeneous 
shear. Thus the total distortion of the lattice cannot 
be described by a single homogeneous distortion, 
and it is necessary to describe it as two shears, one 
homogeneous and the other heterogeneous. 

That the shears in the indium-thallium trans- 
formation are not instantaneous shears of discrete 
regions of the parent lattice is evident from the ob- 
served mode of development of the tetragonal 
crystals, for it is observed that the transformation 
proceeds by the propagation of an interface parallel 
to the main bands. 

This mode of transformation is closely analogous 
to that proposed by Bowles for the martensite trans- 
formation in Fe-C alloys.” In both transformations 
the “habit plane” is a plane of zero macroscopic 
distortion, for it is not distorted at all by the first 
“shear” and suffers no macroscopic distortion dur- 
ing the second shear. If one imagines the first shear 
to occur by the propagation of an interface parallel 
to the main bands, it is evident that by continu- 
ously displacing the matrix in the shear direction 
ahead of the developing plate, perfect coherence can 
be maintained. For a shear occurring in this fashion, 
every atom moves identically when the interface 
passes it. The macroscopic displacements of atoms 
remote from the origin of the shear take place while 
the atoms are still in the unsheared matrix. Direct 
evidence that this displacement of the matrix does 
actually occur is provided by the fact that scratches 
that have been distorted by the transformation re- 
main continuous across the interface. 

With the realization that part of the total dis- 
placement of every atom occurs simply as a transla- 
tion of the matrix prior to the arrival of the 
interface, the double shear mechanism takes on 
added significance. Not only does it describe the 
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correspondence between atom positions before and 
after the transformation, but it also describes the 
path taken by every atom during the transformation 
in the sense that it describes a set of intermediate 
positions for each atom. 

The second shear results in displacement of atoms 
in a <110> direction at 60° to the first shear direc- 
tion. The displacements of atoms in the first shear 
plane resulting from this second shear are not all 
identical, and thus after the second shear the inter- 
face plane is not common to both the cubic matrix 
and the final tetragonal crystal. However, since it 
can occur in opposite senses, this second shear need 
not cause macroscopic rotations of rows of atoms in 
the interface. If the sense of the second shear re- 
verses after every 42 (= 1/tan 2c) atomic radii in 
one sense and after 21 in the opposite sense, no 
atom would be moved through a distance greater 
than one atomic radius. This would produce a very 
fine set of twins in the main band.t Whether the 
scale of this effect is consistent with observation is 
difficult to judge. The sub-bands are certainly on a 
very fine scale, for no sign of them can be detected 
in the relief structures; they are only visible after 
etching and then only under critical conditions of 
illumination. It would of course be possible to pro- 
duce thicker sub-bands if the second shears oc- 
curred heterogeneously, i.e., if slip occurred at 
_ intervals on the second shear plane. For no atom 
to be displaced more than one atom radius, the 
period of this heterogeneity would again have to be 
42 and 21 atomic radii for the shears in opposite 
senses. 

The difference in symmetry of the transformation 
distortions in the indium-thallium and iron-carbon 
transformations is probably of importance in ex- 
plaining some of the differences between these two 
transformations. In the iron-carbon transformation 
the first distortion cannot occur in opposite senses. 
As a martensite plate broadens, opposing stresses 
are built up in the matrix, and Fisher, Hollomon and 
Turnbull” have proposed that these stresses ulti- 
mately prevent any further broadening. In the 
indium-thallium transformation, the first shear can 
occur in opposite senses so that when stresses in 
the matrix inhibit shear in one sense they aid it in 
the opposite sense. Thus extensive growth of a single 
nucleus as alternate bands sheared in opposite 
senses can occur. This effect would be expected 
to lead to a decrease in the width of the main bands 
as more and more of the original grain is consumed, 
for there is then a smaller volume in which the 
shear strains can be accommodated. Such an effect 
~ is indeed frequently observed, fig. 9. 

Another consequence of the symmetry of the 
transformation distortions is that they permit the 
phase change to occur with essentially no overall 
distortion of the grain. Consideration of table I 
shows that even with a single set of main bands 
there can be sub-bands in which the c axis (of 
length 1+2e) is nearly parallel to each of the orig- 
inal cube axes. Thus the relative volumes of the 
various sub-bands could be chosen to balance ex- 
pansion and contraction along all cube axes. 

The small magnitude of the shears involved in 
this transformation, and the effect of the symmetry 
in reducing the shear strain energy, are probably 
responsible for the narrow range of temperatures 


+ Precisely the same effect is geometrically possible in Fe-C mar- 
tensite. However, martensite crystals do not seem to be highly 
twinned. Apparently a heterogeneous second shear can occur more 
readily than a reversed second shear in this case. 
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Fig. 11—Schematic representation of the origin of 
interpenetration. 


over which the transformation occurs, and the small 
hysteresis gap between the direct and inverse 
transformations. 

Another interesting feature of the microstructures 
of the In-Tl alloys, which also seems to have its 
origin in the symmetry of the transformation dis- | 
tortions, is the observed interpenetration of different 
sets of main bands, fig. 10. This effect apparently 
arises from the possibility of generating the same 
orientation by carrying out the shears in reverse 
order. Two different situations can be distinguished: 
the two sets of main bands may either be parallel 
to {101} planes at 60°, or at 90°, to each other. In 
the former case interpenetration is frequently ob- 
served and apparently originates as follows. It can 
be shown quite simply that of the sixteen orienta- 
tions contained in two sets of main bands, at 60° 
to each other, (8 in each set), two, and only two, 
are identical. This can be seen from the fact that 
since the two main bands are at 60°, each may be 
parallel to one of the sub-bands in the other. If, in 
one set of main bands, the second shear required 
for the production of this particular orientation is 
propagated beyond the region in which the first 
shear has occurred, one member of the new set of 
main bands would be produced, fig. lla. The sec- 
ond shear in the original set of main bands would 
become a first shear in the new set. Only alternate 
bands of the new set of main bands could be pro- 
duced in this way for the two sets have only one 
orientation in common. The transformation of the 
material between the new main bands that have 
been thus nucleated could take place by lateral 
propagation of either the original or the new bands. 
These processes are apparently competitive and this 
leads to the observed “interpenetration,” fig. 11b. 
“Interpenetration” would not be expected when two- 
sets of main bands originating from widely sepa- 
rated nuclei grow together. Interpenetration should 
be impossible when the two sets of main bands are 
at 90° to each other. In this case no two of the 
sixteen orientations are identical so the effect de- 
scribed above is not possible and the two colonies 
of main bands simply join along a surface, fig. 12. 
Many examples of these junctions have been seen. 
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Fig. 12—Boundary between two colonies in which 
the main bands are parallel to {101} planes at 90° 
to each other. X100. Polarized light. 


The In-Tl transformation differs from other mar- 
tensite transformations in that the structure of the 
transformation product is variable. In the 20.75 
pet Tl alloy, the axial ratio of the tetragonal phase 
varies from 1.020 at M, to 1.0356 at room tempera- 
ture. The double shear mechanism is flexible enough 
to accommodate this change for the tetragonality 
can be increased simply by further shear on the 
same systems. That this additional shear does occur 
is demonstrated by the agreement between the ob- 
served pole clusters, and those predicted from the 
room temperature tetragonality. The clusters pre- 
dicted from the tetragonality at M, would be sig- 
nificantly different, for the angle « in fig. 5 would 
then be 23’ instead of 40’. 

The gradual change in axial ratio with composi- 
tion, to c/a = 1, of many solid solutions in tetragonal 
metals, e.g., Cu-Mn,* Cr-Mn,’ In-Cd,” * etc., demon- 
strates that cubic to tetragonal transformations also 
occur in these systems, since an identical composi- 
tion dependence of axial ratio at different tempera- 
tures would only be coincidental. There is -every 
reason to believe that these transformations also 
will occur by the proposed double shear mechanism. 
The lamellar structures observed in the indium- 
thallium alloys have also been found in the copper- 
manganese and chromium-manganese alloys. Al- 
though Worrell did not report sub-bands in the 
copper-manganese microstructures, a subsequent 
study of the micrographs has shown that they are 
indeed occasionally visible. 

In view of the close similarity between the {101} 
lamellar structures produced by the indium-thal- 
lium transformation, and those produced by the 
cubic to tetragonal transformations that accompany 
ordering in many systems, it is of interest to specu- 
late upon the mechanisms of these transformations. 
It is obvious that these transformations cannot 
occur by a diffusionless mechanism since ordering 
of necessity involves diffusion. However, there 
seems to be no reason why they should not be other- 
wise analogous to the indium-thallium transforma- 
tion; the ordering diffusion and the shear displace- 
ments could occur together at an advancing inter- 
face. In this connection the recent results of New- 
kirk, Geisler, Martin and Smoluchowski,“ are of 
interest. These investigators have shown that on 
tempering quenched disordered specimens of CoPt, 
coherent platelets of the ordered solution are 


formed parallel to the original {101} planes. They 
have also concluded that these tetragonal platelets 
have the same orientation as the original cubic 
crystal. This, however, is only a qualitative ob- 
servation and precision determinations of the tet- 
ragonal orientations in these alloy systems will be 
needed to determine whether or not these tetragonal 
structures are formed by a shearing mechanism. 


Summary 


The diffusionless transformation from cubic to 
tetragonal in indium-thallium alloys produces 
lamellae on {101} planes with sub-lamellae also on 
selected {101} planes. It progresses only with fall- 
ing temperature, by the movement of an interface 
parallel to the main lamellae, and ceases when cool- 
ing stops. An axial ratio of c/a = 1.020 is found 
at the transformation temperature in 20.75 atomic 
pet Tl, increasing to 1.0356 at room temperature. 

It is proposed that the transformation occurs by 


a shear on the (101) plane in the [101] direction 


followed by a second shear on (011) [011]. The 
main lamellae result from oppositely directed shears 
of the first type, the sub-lamellae from oppositely 
directed shears of the second type. A precision, 
single-crystal X-ray goniometer has been used to 
determine the orientation changes produced by the 
transformation; these are in good agreement with 
the double shear mechanism but not with the fre- 
quently postulated twinning mechanism. 
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Appendix 


Proof That the Transformation Cubic > Tetragonal Can Be Accomplished by Two Shears 


Let the points of a primitive cubic lattice lie at 
r= N,€, + N,€, + N,€, 


where the n, are integers, and the e, are unit orthogo- 
nal vectors: 


eye; 
e, > &; 


II Il 


1 a i == ilo Sr 


The distance of the point (x, y, z) from a (101) plane 


1 1 
through the origin is —— (x+z) = —— (n,-+7,). 
fe 2 +z) 7) (n,+75) 
7 ah 1 
Also, a unit vector in the direction [101] we (e,—e,). 


Hence the vector 


p=e(n,+n,) (e—e,)  e<<l 


gives the displacement of the lattice point (n,, n., n;) 
by a homogeneous shear on the (101) plane in the 


direction [101] by an angle 2e. The new lattice points 
lie at 


r= Ir+p = ne, + Ne, a Nes 


where the e,’ are new primitive vectors: 


e, = e,(1-+¢) —€,€ 
e,’ a €, 
Cele +e, (1—e) 
The new lattice is monoclinic, since 
CNC rea Ost wt Cneu=—) O28 Ci. 25 Cyr ty Es 
and 
e, = |e/| = (142e42¢°)% 
es = 1 
e, = (1—2e+2¢") % 


The distance of the point (n,, n,, n,) from a (110) 
plane through the origin (fig. 13) is now 


$s = x’ sing + y’ cos@ 
where 
tang = —— = (142e+42s*)-%. 
ey 


Since 

x’ = ne’ = n,(1+4+2e+2¢’) 4 
5 YS NC) = Ny 
_asecond displacement 
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Fig. 13—Coordinate system after first shear. Dis- 

tance between point (n,, n., ”,) and the (110) 

plane through the origin is indicated by the dashed 
fi line. 


represents a homogeneous shear of angle 2e (approxi- 


mately) on the plane (110) and in the direction [110]. 
The lattice points now lie at 


Pepe te to = 1,6 eee. 4 nes. 

where 

e, + e(1+2e426?)% [(1+e)e,—e,—<e,] 
e, [l+e+e(1+s) (142¢e+4 2¢”) 2] 

2 [—e(1+42e+42¢’) 2] 
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The final lattice is, strictly speaking, triclinic, but as 
¢ is small, the lattice is nearly tetragonal. We can re- 
place the radical by 1+, and neglecting higher powers 
of ¢ than the second, we have, approximately, 


e,” e,(1+2¢+ 2¢”) —e,e (1+) —e,e (1+ 2) 
e,” ee(1+4+2e) + e, [l—e(1+e) ]—e,e? _ 
Q,€ +e,(1—e) 


es 
and the magnitudes of the primitive vectors are 


ey 1 2e- se7-- O(e) 
1— e—We*? + O(e*) 
1— ete? + O(c’) 


” 


& 
l Il ll 


with “O” denoting “terms of the order of.” 


The direction cosines of the various axes with re- 
spect to one another are 


e,” - e,” = O(e*) e,” - e,” = Ole?) e,” - e,’ = 227+ O(e?) 
while the axial ratio is 
c/a =e," /e,” =e,” /e,” = 1-434 Oe?) 


For c/a = 1.03, « = 0.01; thus e,” and e,” differ in 
length by one part in 10‘, the angle between e,” and e,” 
differs from 90° by O(«*?) = 10° radian = 0.2”, and 
the angle between e,” .and e,” differs from 90° by 
2e” = 2x10“ radian = 0.7’. 

Essentially the same results are obtained if the 
sense of the second shear is reversed, and its magni- 
tude is doubled. That is, let the second displacement be 


t= —2e (n;+n,) (e,’—e,’) 
Then, to the same degree of approximation as before, 
e,” e, [l—e—2e7] + 2ee,+e, [—e(142¢) ] 


-e, [—2e(1+e)] + e, [1—2e] + 2e’e, 
e.€ + (1—s)e,, 


ti ll 


the lengths of the vectors are 


e,” I— ¢ +%e?+O(e*) 
1+-2¢ + 22?+O(e*) 
tec ope Olle) 


< 
Ht ll 


and the direction cosines are 


erie; 1 = 467 O(e*): _ €, He,” =! O(c") 
e,” - e,” = —2e°+O0(e*) 
That is, the final lattice has again two nearly equal 


axes and one longer axis, all at very nearly right 
angles to each other. 
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Alloys of Copper and Iron 


by Cyril Stanley Smith and Earl W. Palmer 


Studies were made of the mechanical and other properties of alloys 
over the entire composition range from pure copper to pure iron. Though 
the two-phase alloys have poor corrosion resistance unless protected, the 
composition in the vicinity of 65 pct Cu possesses an excellent combination 
of strength and electrical conductivity in the form of cold drawn wire. The 
alloys about 5 to 10 pct Cu have the highest strengths and are the most 

susceptible to improvement by age hardening treatment. 


N 1934, when Gregg and Daniloff* wrote their ex- 

cellent monograph on the alloys of iron and cop- 
per, the most recent literature on the constitution 
of the alloys indicated a narrow single-liquid area 
for 20° above the liquidus with a closed liquid mis- 
cibility gap above this. Since that time, however, a 
number of investigators have confirmed the much 
earlier studies of Mushet’® and Stead’ who, among 
others in the nineteenth century, had described the 
true state of affairs. Liquid copper and iron are com- 
pletely miscible in the absence of carbon, but small 
amounts of carbon cause liquid segregation. In 1934, 
one of the writers’ mentioned evidence for the ab- 
sence of liquid separation in carbon-free alloys at 
temperatures up to 1700°C. Two years later, Mad- 
docks and Claussen’ unequivocally established the 
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Fig. 1—Constitution of copper-iron alloys (Mad- 
docks and Claussen’). 


absence of liquid segregation and published a re- 
vised diagram, reproduced in fig. 1. They also studied 
the limits of the two-liquid area in ternary alloys 
of iron, copper, and carbon as a function of carbon 
and iron content. In the same year Simpson and 
Bannister® and Schumacher and Souden’ described 
in some detail the properties of alloys containing 50 
to 75 pet Cu. More recently Hodges et al.” have 
developed the copper-rich alloys for use as high- 
strength conductors. In 1937, Iwase, Okamoto, and 
Ameniya® published data on the miscibility gap in 
ternary alloys of iron, copper, and carbon that sup- 
ported the conclusions of Maddocks and Claussen, 
and definitely located the two-liquid area at tem- 
peratures of 1450° and 1540°C. They also reported 
that additions of 1 pct Al, Ni, Pb, Sn, or Zn caused 
no segregation in 50 pct Cu alloys at 1540°C. 

The use of copper in amounts approximating 1 
pet has found industrial employment to an increas- 
ing degree in both wrought and cast steels, for such 
steels are capable of being precipitation-hardened 
following normalizing, and have high yield strengths. 
This is summarized by Gregg and Daniloff,* Sallitt,® 
and Lorig and Adams,” while Alexander” gives 
additional information on the heat treatment of 
copper-steel castings. Lippert” has described Digby’s 
two-phase steels containing copper and chromium. 

The work described in the present paper was done 
in the years 1932 to 1934, at which time much of the 
information was new. The excellent work subse- 
quently done in other laboratories but more promptly 
published makes the present paper in part only a 
confirmation of what is now well known. There has 
not, however, been published any unified study of 
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sO many properties of the alloys over the whole 
range of composition from copper to iron. 


Fabrication and Structure of Alloys 


Casting: The alloys for the following investiga- 
tion were made by melting 12 or 30 lb heats in a 
laboratory induction furnace, in silica or magnesia 
crucibles. Armco iron punchings and cathode copper 
were used. The normal practice was to melt the de- 
sired amount of iron with about 20 pct of its weight 
of copper before diluting with additional copper to 
the desired composition. Deoxidation practice was 
important. To most of the alloys a standard addi- 
tion of 0.5 pct Mn and 0.1 pct Si was made. Generally 
the silicon addition was made to the first pool of 
molten metal and the manganese added not long 
before pouring. Experiments were made with zir- 
conium, titanium, aluminum, magnesium, calcium, 


_ boron, and lithium as deoxidizers, both with and 


without the manganese-silicon additions. Of these 
elements, magnesium (0.2 pct, added in the form of 
10 pet Mg-Cu) proved to be the most satisfactory 
deoxidizer and desulphurizer and gave castings that 
could be hot-worked. It is the preferred deoxidizer 
where high electrical conductivity is desired. 

The alloys were cast at a temperature 50° to 100°C 
above the liquidus into square cast iron molds fitted 
with refractory hot tops. The large difference in 
temperature between the solidus and liquidus, about 
350°C for the 50 pct alloy, renders the alloys dif- 
ficult to cast and liable to segregation. At 1300°C 
the 50 pct alloy is already approximately half solid 


—and consists of a spongy mass of iron dendrites, with 


the interstices filled with liquid copper. There is 
little change during further cooling until the copper- 
rich liquid solidifies at 1094°C. Many ingots were 
found in which surface defects and occasional blow- 
holes were filled with copper, and a partial shell of 
copper often was found where the partly solid ingot 
had shrunk away from the mold during solidifica- 
tion. The alloys are extremely hot-short and it is 
necessary to see that the molds are in perfect con- 
dition; a hung ingot is sure to be cracked and the 
crack may or may not be filled with molten copper 
before solidification. Alloys in the range 70 to 90 pct 
Cu burned into the mold wall (which was lightly 
coated with a dry carbonaceous dressing) and would 
be expected to give considerable trouble in com- 
mercial casting. 

Segregation and Microstructure of Castings: The 


-~ microstructures of some of the cast alloys are shown 


in figs. 2 to 7, inclusive, which need little comment. 


— The cast alloys consist of iron dendrites whose inter- 


Fig. 2 (top left)—5 pct Cu alloy. As-cast. X75. 
Fig. 3 (top right)—15 pct Cu alloy. As-cast. X75. 


Fig. 4 (center left)—Structure of columnar outer 
~ section of 30 Ib ingot of 50 pct Cu-Fe alloy. X75. 


Fig. 5 (center right)—Structure of equiaxed center 
--gection of same ingot as fig. 4. X75. 


Fig. 6 (bottom left)—70 pet Cu alloy. As-cast. X75. 


Fig. 7 (bottom right)—89 pet Cu alloy. As-cast. X75. 
Figs. 2 to 7 reduced approximately 33 pet for reproduction. 


— All microspecimens etched, unless otherwise noted, 
with 4 pct nital. 


stices are filled with copper-rich material. No evi- 
dence of coring or other solid state reaction is visible. 
Heat treatment had little effect on the microstruc- 
ture, except at the extreme ends of the systems. 

To investigate the extent of segregation, a number 
of 12-lb ingots of various carbon contents were cast 
at temperatures 50°C above the liquidus, sectioned, 
and analyzed. The carbon was added in the form of 
wash metal containing 3.83 pct C, balance Fe, after 
the major constituents had formed a uniform melt. 
Deoxidation was with 0.1 pct Si and 0.5 pct Mn. If 
the alloy in the crucible had separated into two 
liquid layers, the lower density iron-rich alloy 
flowed into the mold first, forming a layer which 
rose in the mold and formed a shell as the remainder 
of the alloy was poured in. Etched cross-sections of 
some of the ingots are shown in figs. 8 and 9. From 
the analyses of the ingots given in table I, it will be 
seen that, though the 50 pct Cu alloy containing 0.11 
to 0.12 pet C (ingot 1407) did not segregate signif- 
icantly, ingot 1408, with very little more carbon, 
shows signs of partial segregation in the ingot, al- 
though there is no evidence that the molten alloy 
had separated in the crucible. The mottled structure 
shown in fig. 10 is very similar to that observed by 
Maddocks and Claussen in an alloy with 0.18 pet C 
solidified in a small crucible.. The addition of 0.20 
pct C produces unmistakable and sharp separation 
into two liquids, one iron-rich with high carbon and 
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the other copper-rich with low carbon. The inter- 
face between the two zones is shown in the micro- 
graph, fig. 11. It was noted that all of the ingots that 
had iron-rich shells were cracked badly in the 
copper-rich cores, obviously a result of restrained 
shrinkage. 

Miuller™ suggested that liquid iron and copper are 
completely miscible just above the liquidus, but that 


Fig. 8—Macrosections of ingots showing influence 
of carbon content and casting temperature on seg- 
regation of 50 pet Cu-Fe alloy. 


Letters show location of samples used for analyses reported in 

table I, : 

Top Row (First group of three): Ingots 1406 (0.06 pct added 
C); 1407 (0.12 pct added C); 1413 (0.13 pct added C). 

Top Row (Second group of three): Ingots 1414 (0.2 pet added 
C); 1392 (0.25 pet added C); 1391 (0.45 pet added C). 

Bottom Row: Ingots 1402 (1560°C); 1401 (1595°C); 1400 
(1685°C). 


Reduced approximately 50 pct for reproduction. 


two immiscible liquids appeared above about 1520°C. 
That this is not the case with the alloys used in the 
present investigation was shown by pouring ingots 
at 1560°, 1595°, and 1685°C. There was a deep 
shrinkage cavity in the ingot cast at the highest 
temperature, but there is no excessive segregation 
visible or detectable by analysis in any of the three 
ingots (fig. 8 and table I). 


Table I. Analyses of 12 Lb Ingots of Copper-Iron Alloys, To Show Segregation 


Composition by Analysis 


Intended 
Compo- 

Alloy sition 
No. Position A Position B 

Pet Cu PctC PetCu PctC PctCu PctC 
1406 50 0.10 47.1 0.060 47.6 0.065 
1407 50 0.15 48.2 0.125 47.4 0.114 
1413 50 0.16 49.9 0.123 56.4 0.098 
1414 50 0.20 
1392 50 0.25 
1391 50 0.45 
1408 35 0.11 32.5 0.090 33.5 0.106 
1409 35 0.15 34.7 0.130 34.4 0.127 
1410 35 0.25 
1415 70 0.05 68.1 0.036 68.9 0.028 
1416 70 0.075 68.1 0.044 68.8 0.065 
1411 : 70 0.10 71.7 0.074 
1412 70 0.20 24.0 0.868 
1441* 45 0.03 42.5 0.023 43.3 0.024 
1418}; 50 0.08 49.8 0.069 48.1 0.054 

Pouring 
Temp, °C 

1402 1560 50 47.5 0.039 48.8 0.016 
1401 1595 50 48.0 0.019 48.6 0.013 
1400 1685 50 49.3 0.012 49.9 0.025 


Position C Position D Position E Position F 
Pct Cu PctC PetCu PctC PctCu PctC PetCu PctC 
51.1 0.056 
50.1 0.110 
48.9 0.135 51.5 0.122 
31.0 0.296 q4.5 0.068 
26.2 0.366 73.7 0.061 
28.9 0.579 77.1 0.095 
34.4 0.102 
35.5 0.136 
30.4 0.292 69.7 0.070 
71.7 0.029 
70.8 0.055 
75.7 0.061 
81.8 0.071 
46.0 0.021 45.3 0.028 44.8 0.022 44.0 0.015 
46.4 0.076 45.0 0.066 54.6 0.073. 55.3 0.061 
50.9 0.017 
51.9 0.021 
53.8 0.017 


For location of Samples A, B, C, D, E, and F, see figs. 8 and 9. 


* No. 1441 was 30 lb ingot. 
+ No. 1418 was 30 lb block allowed to solidify slowly in furnace. 


All melts except 1400 to 1402 were poured at a temperature 50°C above the liquidus. 
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The amount of carbon necessary to cause liquid 
separation increases with the iron content of the 
alloy. Fig. 16 shows the composition of the two 
segregated areas in the various ingots, connected by 
tie-lines and forming a very approximate constitu- 
tion diagram. They are in fair agreement with the 
results of both Iwase and Maddocks and Claussen, 
which are shown as dotted lines in fig. 16. 

Even in alloys where there is no separation into 
two liquids, some segregation occurs on solidifica- 
tion. This is greater the larger the ingot and the 
slower the solidification, and may cause local dif- 
ferences of composition of as much as 4 pct Cu on 
the laboratory ingots used. It is a simple form of 
inverse segregation and probably results from the 
first parts to solidify being “fed” by the withdrawal 
of molten copper-rich material from the interstices 
of the iron-rich dendrites in the last parts to solidify. 


Hot-working: The ingots deoxidized and cast as 


described above proved to be quite easily forgeable 


in the ranges 0 to 7 pct and 30 to 100 pct Cu, but 
between approximately 7 and 30 pct hot-forging 
was extremely difficult. All alloys could be cold- 
rolled after suitable annealing at 800°C, or at higher 
temperatures followed by slow cooling. After many 
failures it was found that alloys in the difficult 
range could be hot-forged if the castings had pre- 
viously been annealed for about 16 hr at 800°C, 


that is, just below the eutectoid temperature, and 


if they were also forged at temperatures not ex- 
ceeding this. Evidently copper-saturated gamma 
iron is harder than copper-saturated alpha iron and 
is-so much stiffer than the copper-rich phase that a 


- two-phase alloy containing only a little copper de- 


forms entirely in the soft network and soon fails. 
Once the alloys have been extensively worked by 
forging between 750° and 825°C, they become less 
sensitive and may be hot-rolled with heavy reduc- 
tions. Alloys containing from 0 to 5 pct and 40 to 
100 pet Cu could be hot-rolled directly as-cast with- 
out particular precautions, but those of intermediate 
composition could be rolled only at temperatures 
below 840° and then after the preliminary anneal- 
ing and forging treatment. 

Two lots of material were used for the tests de- 
scribed below. Alloys in the first series were made 
in 12-lb heats and cast into ingots tapering from 
21% to 3 in. sq in a height of 5% in. Each ingot was 
forged at 950° to rod %4 in.:in diam, to % in. sq 
rod, and to a. 3x5-in. section. The round and square 
rods were machined into tensile test pieces and 
into impact specimens, respectively, and the flat 
section was milled and then cold-rolled to strip 
0.04 in. thick with intermittent anneals of 30 min 
at 800°C (followed by air-cooling) at each of the 
gauges 0.320, 0.160, and 0.080 in. The final material 
was therefore cold-rolled 50 pct reduction. The 
second series was prepared after the forging treat- 
ment outlined above had been developed. The al- 
loys containing between 8 and 25 pct Cu inclusive 
were cast in 12 or 30-lb ingots and annealed at 
800°C for 14 hr and forged carefully at 800°C to 
a section about 3x%4 in., before being hot-rolled at 
950°C to %4x3 in. in a commercial copper strip mill. 
Other castings in the same series (i.e., containing 
0 to 5 pct and 35 to 90 pct Cu) were all 30-lb cast- 
ings and were hot-rolled at 950°C directly to a %4- 
in. sheet. All the %4-in. slabs were milled to remove 
surface defects, then reheated and hot-rolled to 0.08 
in. gauge. They were annealed for 1 hr at 800°C, 
pickled, and cold-rolled to the final gauge, 0.04 in. 


Fig. 9—Macrosections of ingots showing influence 
of carbon content on segregation of copper-iron 
alloys containing 35 and 70 pct Cu. 


Letters refer to table I. 
Top Row: 35 pct Cu: Ingots 1408 (0.11 pet C); 1409 (0.13 pct 
C); 1410 (0.25 pet C). 
Bottom Row: 70 pct Cu: Ingots 1415 (0.03 pct C); 1416 (0.06 
pet C); 1411 (0.10 pet C). 


Reduced approximately 50 pct for reproduction. 


A small quantity of each alloy was _ hot-rolled 
directly to 0.04 in. The hot-rolling was performed 
at the Ansonia plant of the American Brass Co., 
using passes that were designed for rolling copper 
bus bar. The alloys stood this severe treatment 
without failure, except those with copper in the 
range 10 to 35 pct, which cracked, although not 
enough to warrant complete discard. 

Microstructure of Worked Alloys: The dendrites 
of iron in the castings become elongated as the cast- 
ings are hot-forged or rolled, and the structure of 
the rod or sheet consists of extended fibers of iron 
in a copper matrix. It is probable that prolonged 
annealing at high temperatures would partially sphe- 
roidize these fibers. Typical structures are shown in 
figs. 12 to 15, 17 to 24, and 27. 

Annealing and Pickling: When the alloys are an- 
nealed in air, a complex scale is formed that is pe- 
culiarly difficult to remove by pickling. An outer 
black scale of normal type seems to contain both 
iron and copper oxides. Below this there is a ‘“‘sub- 
scale’ zone wherein iron is oxidized in situ but 
copper is not visibly affected (figs. 25 and 26). The 
depth of penetration is greater in a longitudinal than 
in a transverse direction, obviously because of the 
elongated shapes of the iron particles. 

If the annealed alloys are pickled in the usual acid 


_ solutions used for either iron or copper, the oxide 
_.can be removed; but when this is done there is left 
“a subscale layer containing metallic copper. If pick- 


ling is continued, the acid will preferentially attack 
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Fig. 10 (top left)—Alloy with 50 pet Cu, 0.16 pet C. 
As-cast, showing partial separation of two liquids. 
X15. 


Fig. 11 (top right)—Alloy with 50 pet Cu, 0.25 pet 
C. As-cast, showing junction of two liquid layers. 
X15. 


Fig. 12 (center left)—Alloy with 29.9 pct Cu. Forged 
rod, 34 in. diam. Longitudinal section. X75. 


Fig. 13 (center right)—Alloy with 49.9 pct Cu. 
Forged rod, %4 in. diam. Longitudinal section. X75. 


Fig. 14 (bottom left)—Alloy with 88.6 _bet Cu. 
Forged rod, 34 in. diam. Longitudinal section. X75. 


Fig. 15 (bottom right)—Alloy with 88.6 pct Cu. 
Forged rod, 34 in. diam. Transverse section. X75. 
Figs. 10 to 15 reduced approximately 33 pet for reproduction. 
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Fig. 16—Composition of related segregated areas in 
Fe-Cu-C alloy ingots, based on analyses of table I. 


Table II. Tensile Tests on Sand Cast Bars of Copper-Iron Alloys 


Tested as Cast Normalized 930° + 800°C 
qs a 
: ge | ge | 
pgs aael eee tar E¢é eas oe 
ee eee ame re ks Eg ae 3. 8, 38 
Alloy Composition Percent No Stow a =o mex Ded Stew 8 38 see 
SS @as eR Ee} 23s osm aie mee Em] gas 
No Cu c Mn Bie S58 See ees Se e33 See. Ste See. sos ae 
Hig’ Han Mom mom Mae ARS Hn Bom Rom mae 
eR Ne EAS aS Rr a es 
1473 0.08 0.005 0.374 0.070 25,250 46,900 45.5 78.5 92 34,750 48,650 45.3 80.9 92 
1472 1.29 0.030 0.447 0.215 41,250 57,700 36.3 70.3 122 48,450 58,800 41.3 78.3 120 
1474 4.62 0.312 0.068 72,750 84,550 1-5 39.0 191 57,050 58,900 33.0 73.7 132 
1465 10.19 0.356 0.063 81,300 82,550 1.0 RS 216 57,200 64,450 10.3 27.1 144 
1466 20.32 0.159 0.016 76,400 90,950 2.5 5.7 213 48,850 61,000 215 33.7 132 
1467 31.31 0.485 0.054 59,450 81,150 13.0 21.0 173 44,700 60,400 27.8 54.0 128 
1468 38.55 0.411 0.056 53,900 77,750 15.8 28.3 164 41,200 58,400 30.0 56.6 122 
1475 50.28 0.011 0.552 0.056 45,550 71,950 20.0 35.8 150 ~ 36,900 54,400 32.8 66.8 110 
1362 50. 43,050 70,750 17.7 27.7 
1469 66.14 0.451 0.014 29,850 49,950 35.0 63.7 100 
1470 84.96 0.495 0.005 22,600 53,000 11.5 99 25,000 45,450 24.8 49.5 86 
Normalized 850°C, Reheated 500°C 
BS SE a Be ee a 
1472 1.29 0.03 75,350 89,100 27.5 66.0 192 
: Normalized at 850°C 
GS NE NS Te Sar ee Re ae WS et 
1471 1.24 0.305 59,500 85,200 5.8 9.3 65,550 85,850 9.8 17.8 184 
Normalized 800°C, Reheated 500°C 
ee os : 
1471 1.24 0.305 86,650 105,950 5.8 7.6 229 x 


All above figures are an average of two tests, except 1470 in cast condition, which is one test 
only, and 1362 which represents three castings. All bars of 1471 were porous and of low ductility. 
Test pieces were cast % in. in diam, machined to 0.505 in. diam. , 


SELES NE (st So A Rm cee mu eer ee a Eee) SRR eee 
1490—JOURNAL OF METALS, DECEMBER 1950, TRANSACTIONS AIME, VOL. 188 


Fig. 17 (top left)—Alloy with 29.9 pct Cu. Cold- 
rolled sheet, 0.04 in. thick. Longitudinal section. 
X500. 


Fig. 18 (top right)—Alloy with 49.9 pct Cu. Cold- 
rolled sheet. Longitudinal section. X500. 


Fig. 19 (center left)—Alloy with 69.6 pct Cu. Cold- 
rolled sheet. Longitudinal section. X500. 


Fig. 20 (center right)—Alloy with 88.6 pet Cu. 
Cold-rolled sheet. Longitudinal section. X500. 


Fig. 21 (bottom left)—Alloy with 29.9 pet Cu. Cold- 
rolled sheet annealed 1 hr at 800°C and quenched. 
Longitudinal section. X500. 


Fig. 22 (bottom right)—Alloy with 29.9 pct Cu. 
Rolled sheet annealed 1 hr at 1050°C and quenched. 


Longitudinal section. X500. 
Figs. 17 to 27 reduced approximately 33 pct for reproduction. 


4 


Fig. 23 (top left)—Alloy with 88.6 pct Cu. Rolled 
Sheet annealed 1 hr at 1050°C and quenched. 
Longitudinal section. X500. 


Fig. 24 (top right)—Alloy with 49.9 pct Cu. Sheet 
annealed 1 hr at 1050°C and quenched. Longi- 
tudinal section. X500. 


Fig. 25 (bottom left)—Subscale formed by anneal- 
ing 50 pet Cu alloy in air for 1 hr at 950°C. X75. 


Fig. 26 (bottom right)—Same specimen as fig. 25; 
junction of subscale and unoxidized metal. X500. 


Fig. 27—Composite micrograph showing structure 
of cold-rolled 0.040-in. sheet of 50 pct Cu alloy. 
X75. 


the iron in the alloy underneath, leaving a copper 


skeleton. Since the oxide scale spalls off irregularly, 
attack is uneven and results in considerable pitting. 

A satisfactory pickle for these alloys consisted of 
a 15 pct solution of sodium cyanide in water, used 
at a temperature near the boiling point. The addi- 
tion of 15 pct sodium hydroxide considerably accele- 
rated the action. With alloys containing below 30 pct 
Cu the formation of subscale is not significant and 
with the copper-rich alloys an acid pickle alone 
seems to be satisfactory, but the cyanide pickle was 
essential in alloys in intermediate compositions if 
truly clean metal was desired. For many purposes, 


~ however, the shell of copper remaining after an acid 


pickle is not undesirable, for it provides an excellent 
lubricant in rolling or drawing. It is not sufficiently 
continuous to provide any protection against cor- 
rosion. 


Mechanical Properties 


Sand Castings: Table II shows the tensile prop- 
erties of a number of alloys of iron and copper cast 
in dry sand molds. Standard 0.505 in. diam tensile 
test pieces were machined from castings made from 
patterns 54 in. diam x 2 in. on the gauge length, 
with ends 1 in. diam. Four bars were cast simul- 
taneously. The alloys with 66 and 85 pct Cu failed 
to fill the mold completely, but all others ran satis- 
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Fig. 28—Tensile prop- 
erties of Cu-Fe alloys; 
0.040-in. sheet cold- 
rolled 50 pct reduction 
after annealing at 

800°C; and the same 
material after reheat- 
ing 4 hr at 400°C. 
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factorily and gave castings of good surface quality, 
except for some slight “sweating” of copper. Two 
bars were tested as-cast, and two (whenever avail- 
able) after a double normalizing treatment. The 1%4 
pet Cu steel was subjected to a precipitation hard- 
ening treatment at 500°C after both 850° and 800°C 
normalizing. None of the alloys showed more attrac- 
tive combinations of strength and ductility than the 
ordinary cast steel of today. 

Forgings: Ingots 2% in. sq were forged at 950°C 
to 34-in. round rods. Standard 0.505-in. test pieces 
were machined from these rods as-forged and after 
heat treatments, consisting of air cooling after 1 hr 
at 800°C, or quenching from 950°C, and tested with 


© Series I 
@ Series I 


ELONGATION IN 2 in.— Per Cent 


the results shown in table III. The high yield ratio 
of the alloys containing 30 to 50 pct Cu and the very 
high reduction of area figures should be noted. The 
40 pct Cu alloy as normalized actually withstood a 
higher stress before yielding than it was able to 
withstand during subsequent elongation, i.e., the 
load dropped suddenly when it had reached a value 
sufficient to produce the first plastic extension by 
local yielding and did not thereafter rise to a higher 
value. This effect was more marked in the rolled 
alloys. The alloys quenched from 950°C have higher 
strength and lower ductility than those annealed at 
800°C, clearly a result of the higher copper content 
retained by the iron-rich phase on cooling. 
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Fig. 30—Tensile prop- 
erties of Cu-Fe alloys; 
0.040-in. sheet annealed 
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Impact tests, using the standard 1 cm sq U-notched 
Charpy specimen machined from % in. sq forged 
rods, gave values increasing from 43 to 55 ft-lb for 
alloys with 50 to 90 pct Cu. None of the specimens 
fractured but pulled through the supports without 
breaking. 

It was expected that the mechanical properties of 
these fibrous alloys would be highly dependent on 
orientation. Small specimens, 3s in. diam x 1 in. 
gauge length, were cut longitudinally and trans- 
versely from a 3x% in. slab of a 50 pct alloy and 
tested with surprisingly little difference in the two 
directions (table IV). 


Properties of Rolled Sheet: A complete series of 
alloys from 0 to 100 pct Cu was fabricated in the 
form of strip by forging if necessary, hot-rolling in 
two stages to 0.080 in., annealing for 1 hr at 800°C, 
pickling, and cold-rolling to 0.040 in. The tensile 
properties of % in. wide specimens cut from this 


_ strip as-rolled and after various single and double 


heat treatments are shown in figs. 28 to 30. The data 
marked “I’’ were obtained on alloys cold-rolled from 
0.25 to 0.080 in., instead of hot-rolling, but the prop- 
erties are substantially the same. The detailed effect 
of heat treatment on initially cold-rolled alloys of 
selected composition is shown in figs. 31 and 32; the 
effect of reheating on the hardness of alloys pre- 
viously quenched from 800°C and from 950°C is 
shown in figs. 33 and 34. 

It will be noticed from figs. 28 to 30 that the 
strength of the alloys after any treatment reaches a 
flat maximum in the vicinity of 5 to 10 pct Cu and 
thereafter slowly declines with increasing copper 
content. This would be expected from the constitu- 
tion of the alloys, for beyond this point there is pro- 
gressive dilution of the iron-rich solid solution with 


softer copper. 
The iron-rich alloys containing 1.25 pct Cu and 


over show considerable precipitation hardening at 
temperatures in the range of 300° to 500°C. Beyond 


ELONGATION IN 2in.— Per Cent 


- 


ELONGATION 


COPPER —Per Cent 


this temperature and until 800°C the hardness pro- 
gressively decreases due to overaging, recrystalliza- 
tion, and grain growth. On passing the copper-iron 
eutectoid temperature (ca.860°C), copper progres- 
sively goes into solution, resulting in greater hard- 
ness on quenching from increasing temperatures, at 
least up to 1000°C. 

A curious effect of local yielding was frequently 
observed in testing these alloys. The specimen be- 
haved in nearly elastic fashion up to a certain stress, 
where it yielded with sudden considerable decrease 
in load and large local extension. Thereafter the 
stress slowly increased with subsequent elongation, 


Table III. Tensile Properties of Forged Rods of Iron- 
Copper Alloys 


Yield 
Strength, Lb Tensile Elonga- Reduc- 
per sq in. Strength, tion, tion 

Alloy Copper, (0.5 Lb per Pet of Area, 

No. Pct Pct Extn.) sq in. on 2 in. Pct 

Tested in Forged Condition 

1353 50.1 65,450 68,000 25.0 66.0 
1387 59.4 67,700 68,200* 28.0 69.9 
1388 69.5 55,450 63,150 33.5 68.8 
1389 78.5 43,350 56,150 30.3 74.3 
1390 88.6 33,250 52,050 36.3 76.2 

Annealed 1 hr at 800°C, Air Cooled 

1384 29.9 61,300 63,250 38.3 17.4 
1385 39.8 70,700 63,700* 39.5 80.7 
1399 49.9 55,250 58,400 37.0 17.2 
1353 50.1 55,950 60,800 33.3 70.9 
1387 59.4 57,100 57,200* 38.0 76.8 
1388 69.5 50,450 53,750 35.8 75.1 
1389 78.5 38,100 49,500 38.8 79.3 
1390 88.6 30,350 47,000 38.5 83.3 

Annealed 1 hr at 950°C, Quenched 

1384 29.9 103,000 112,600 23.0 58.4 
1399 49.9 74,250 87,750 33.0 62.6 
1353 50.1 67,1007 80,3507 27.37 63.47 
1387 59.4 61,200 75,150 29:5 64.2 
1388 69.5 46,950 66,250 29.5 64.3 
1389 78.5 35,350 59,300 33.8 70.3 
1390 88.6 28,450 50,750 38.0 17.0 


Tensile test specimens 0.505 in. in diam, machined 
from forged rod % in. diam. 


* One test only. All other figures are average of two tests. 
+ Specimen air cooled from 950°C, not quenched. 
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Fig. 31—Effect of annealing on tensile properties 

of cold-rolled Cu-Fe alloys. 0.040-in. sheet (6 B&S 

Nos. hard), annealed 1% hr at temperatures plotted, 
and quenched. 


but frequently failed to reach or exceed the stress 
that originally caused yield. The yield strength (i.e., 
the stress needed to produce 0.5 pct total exten- 
sion) was actually greater than the maximum stress 
obtained during subsequent elongation. This phe- 
nomenon was observed in alloys containing between 
5 and 56 pct Cu. It occurred rarely in the cold-rolled 
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Fig. 33 (above)—Effect of annealing on the hard- 
ness of cold-rolled Cu-Fe alloy strip (6 B&S Nos. 
hard following 800°C anneal). 


Fig. 34 (right)—Effect of re-annealing on the hard- 
ness of some quenched Cu-Fe alloys. 
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Fig. 32—Effect of annealing on tensile properties 

of cold-rolled Cu-Fe alloys. 0.040-in. sheet (6 B&S 


Nos. hard), annealed 14 hr at temperatures plotted, 
and quenched. 


alloys, where the yield ratio was about 0.9, but was 
very evident in alloys annealed at temperatures be- 
tween 300° and 700°C. In this range, the yield 
strength usually exceeded the subsequent maximum 
stress by about 2000 psi and in some cases was 7000 
psi higher. 

Miscellaneous Properties: Fig. 35 shows the ap- 
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Fig. 35—Appearance of ears on cups drawn from Cu-Fe alloy strips. 


Top Row (left to right): 1.2 pet Cu, 5 t C 8 
nae: ) pet Cu, pet Cu, 10 pct Cu, 15 pet Cu, 20 pet Cu, 


Second Row (left to right): 45 pet Cu, 65 pet Cu, 75 pet Cu, 85 pet Cu, 95 pet Cu, 98 pet Cu. 


pearance of some cups made in a single cut-and- 
draw operation from strip 0.04 in. thick, that had 
-been annealed at 800°C and air cooled. The blank 
was 1.94 in. in diam and was formed into a cup 
using a ball punch 1.030 in. in diam and a die 1.110 
in. in diam with a mouth radius of 0.2 in. In all cases 
the metal withstood the operation perfectly. With 
the exception of the 1 pct Cu alloy which had minute 
“ears” at 0° and 90° to the direction of rolling, all 
the others had “ears” at 45° to the direction of roll- 


Table IV. Influence of Direction of Test on Properties 
of 50 Pct Copper-Iron Alloys 


Trans- Longi- 
——= verse tudinal 
Yield strength, 0.5 pet exten. 46,700 45,250 psi 
Yield strength, drop of beam 51,200 49,900 psi 
Tensile strength 59,100 57,450 psi 
Elongation in 2 in. 36.5 39.3 pct 
Reduction of area 62.6 73.4 pet 
Charpy impact (Std. U-Notch) 37.5 39.2 ft-lb 


ing, the height of ear being greatest in the 25 pct Cu 
alloys, where it was 0.09 in. It seems unlikely that 
an alloy with the duplex structure of these could 
ever be produced in a condition that would be plas- 
tically isotropic. 
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Fig. 36 (above)—Density of Cu-Fe alloys. 


Fig. 37—Electrical conductivity of Cu-Fe alloys. 


Curve 1. Strip 0.04 in. thick, annealed 1 hr at 800°C and air 
cooled. Alloys contain about 0.4 pct Mn and 0.05 pet Si 
residual deoxidants. 

Curve 2. Same as 1, reheated at 600°C for 24 hr, furnace cooled 
to and held 50 hr at 500°C; furnace cooled to and held 20 hr 
at 400°C; furnace cooled to room temperature. 

Curve 3. Wire 0.045 in. diam. Annealed 800°C, air cooled, re- 
heated to 600°C and cooled poate in 2 hr. Contains 0.1 
to 0.2 pet Mg residual deoxidant. : 

Gane me Wire heat treated same as Curve 3 at 0.182 in. 
diam, cold drawn to 0.045 in. (94 pet reduction of area). 


Alloys with 20 to 50 pct Cu were welded by both 
oxyacetylene and resistance methods, but the latter 
is much to be preferred. The long interval between 
solidus and liquidus gives great difficulty, and suc- 
cessful welds were produced only by melting the 
copper and suitably deforming the unmelted iron 
phase. . 

Fig. 36 shows the density of some alloys, all of 
which contain about 0.4 to 0.5 pct Mn and 0.04 to 
0.06 pet Si in addition to the copper content shown. 
In fig. 37 are plotted some electrical conductivity 
data obtained on cold-rolled and annealed strip. It 
would be expected that the conductivity in the two- 
phase region would be a linear function of the 
volume percentage of the two phases, for the two 
constituents are essentially arranged as parallel con- 
ductors. Actually, the alloys of curves 1 and 2 follow 
much more closely a linear resistance relation, cor- 
responding to the resistances being connected in 
series. These alloys contained manganese and silicon 
as stated above, and the discrepancy is probably due 
to the increasing manganese content of the copper- 
rich phase as the iron content increases. The alloys 
deoxidized with magnesium (curves 3 and 4 in fig. 
37) are more nearly in accord with the expected 
linear variation of conductivity with composition. 

No quantitative study was made of the magnetic 
properties of the alloys. They seem to have quite 
high remanence and made fairly good permanent 
magnets. It was noticed that the alloys on cold- 
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Fig. 38—Corrosion of 50 pet Cu-Fe alloy in 15 pct 
H,.SO, at 80°C. 


drawing alone became permanently magnetized— 
indeed as strongly so as could be induced by external 
magnetization. 

As little as 2 pet Cu added to pure iron increases 
the machinability considerably. The alloys with be- 
tween 2 and 75 pct Cu are very readily machinable 
and finish to a beautiful surface. All alloys contain- 
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Fig. 39—Changes in tensile properties of Cu-Fe 

alloys caused by 23 month exposure to the atmos- 

phere in Waterbury, Conn., with twice daily spray- 
ing with water. 
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Fig. 40—Changes in tensile properties of Cu-Fe 
alloys caused by exposures of 3 and 14 months to 
20 pet salt spray. 
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Fig. 41—Weight of coating formed on Cu-Fe alloys 
immersed for 60 sec in molten zinc at 440°C. Sur- 
face area 5 sq in. 


ing over 15 pct Cu have a copper-colored fracture, 
for the fracture passes through the weaker phase. 
Machined or polished sections show no visible cop- 
pery appearance until the copper content exceeds 
20 pet. Even the 55 pct alloy is only faintly red, but 
beyond this point the color progressively deepens to 
that of pure copper. 

X-ray pin hole patterns of a 50 pct Cu alloy cold- 
rolled. 87 pct reduction to 0.01 in. thickness after 
annealing at 800°C showed strong preferred orien- 
tation of both phases. Separation of the two phases 
by selective solution (in acid to leave copper, and 
in cyanide to leave iron) permitted patterns to be 
obtained for each phase uncomplicated by lines from 
others. The texture was identical with that of cold- 


rolled pure metals (i.e, (110) [112] for copper, 
(100) [011] for iron). Annealing at 800°C did not 
change textures, although both phases had recrystal- 
lized and would have been expected to take new 
orientations. Evidently the two phases influence the 
recrystallization and grain growth of each other. 
Miller“ has observed that the face-centered cubic 
phase of the iron-copper-nickel system has a re- 
crystallization texture identical with the rolling tex- 
ture in all compositions approximately coincident 
with the two-phase area of the constitution diagram. 


Corrosion Resistance 


The existence of two phases in the alloy and the 
great difference of electrolytic solution potential 
leads one to anticipate that the alloys would be 
poorly resistant to corrosion. Some studies were 
nevertheless made. Fig. 38 shows the loss in weight 
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Fig. 42—Effect of time on weight of galvanized 
coatings formed on 55 pet Cu alloy at 440°C. 
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Fig. 43—Galvanized coatings formed on 55 pet Fe-Cu alloy strip after various times in zine bath 
at 440°C. Specimens initially 1x1x0.04 in. 


and depth of attack (i.e., depth of removal of iron, 
measured microscopically) when a rolled strip of 
the 50 pct Cu alloy was subjected to corrosion in 
15 pet sulphuric acid at 80°C. The fibrous character 


—of the alloy causes the rate of corrosion in a longi- 


tudinal direction to be much higher than that normal 
to the direction of fibers. 

A number of specimens were exposed to a variety 
of corrosive environments, including 20 pct salt 
spray at room temperature,* industrial and marine 
atmospheres, and to sea water at a mid-tide point 
on Faulkner’s Island (Long Island Sound). The 
samples exposed were tensile test pieces, cut from 


_0.04-in. rolled strip, 34 in. wide and 8 in. long, with 


a reduced section 0.5 in. wide and 2.5 in. long. They 
were mounted on insulators to prevent one specimen 
electrolytically influencing another. After exposure 
the-specimens were cleaned and broken in tensile 


~ test. In all environments the properties of the alloys 


of intermediate composition were inferior to the 
alloys at either end of the system. Curves typical of 
the change of tensile properties after exposure are 
shown in figs. 39 and 40. The alloys do not possess 
a corrosion resistance greater than that of ordinary 
copper-bearing mild steel until the copper content 
exceeds about 75 pct. 

The iron-rich phase in the duplex alloys was 
always corroded to a much greater depth than was 
the copper, and there was always a layer in which 
the copper was relatively unaffected. In the marine 
exposure tests it was noticed that barnacles were 
occasionally found on alloys with a copper content 
as high as 80 pct. 

It seems obvious that the alloys of intermediate 
composition cannot be used in even mildly corro- 
sive environments without effective surface protec- 
tion. 

No improvement in corrosion resistance was ob- 
served in alloys with equal amounts of copper and 
iron and with added constituents of up to 5 pct Al, 
5 pet Ni, or 8 pct Mn. With 10 and 15 pct of Ni some 
improvement was observed, but the alloys were still 


“not to be classed as corrosion resistant. 


Protection Against Corrosion: Protection against 
corrosion can be provided by the usual surface treat- 
ments. Tin coating by hot-dipping was found to be 
simple and effective, although the coating would 
not withstand severe deformation. The best protec- 
tion for the alloy in service would probably be elec- 
trogalvanizing. Hot-dip galvanizing produces some 
remarkable results. 

The thickness of coating formed on mild steel 
after short but constant immersion in molten zinc is 
increased by the presence of copper, and the coat- 


a - 
* The salt spray tanks and test method were essentially as de- 
scribed by A. N. Finn.” 


ing remains normal up to about 10 pct Cu. Beyond 
this the alloy layer is evidently continually per- 
meable to liquid zinc and does not retard further 
growth. The thickness of coating continues to in- 
crease with little slowing of rate and coatings of 
enormous thickness were obtained after prolonged 
sojourn in a zinc bath (figs. 41 and 42). Reaction 


Fig. 44—Cross-section of rod (51.2 
pet Cu) with heavy galvanized coat- 
ing, formed in 15 min at 440°C. X4. 
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Fig. 45—Structure of galvanized coating formed in 
32 min at 440°C on strip with 56 pet Cu. X15. 
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Fig. 46 (left)—Structure of inner part of coating 
shown in fig. 45. X150. 


Fig. 47 (right)—Structure of outer part of coating 
shown in fig. 45. X150. 


between the zine and the alloy occurred at the sur- 
face of the solid sample, not at the interface be- 
tween the partly solid area and liquid zinc. Curious 
shapes were produced, for growth was always par- 
allel to the initial surface of the specimen (figs. 43 
and 44). The microstructure of the coating is shown 
in figs. 46 and 47, and the composition at various 
points in the coating is shown in fig. 45. 


High-Strength Conductor Alloys 


The conductivity of both of the iron-rich and 
copper-rich constituents is greatly affected by im- 
purities and the presence of 0.5 pct Mn and 0.1 pct 
Si had a great adverse effect on the conductivities 
of the alloys shown in curves 1 and 2 in fig. 37. A 
search was made for other deoxidizers that would 
have less effect on the conductivity but would give 
alloys capable of being hot- and cold-rolled com- 
mercially. After studying 50 pct Cu alloys deoxidized 
with Al, Zr, Ti, Mg, Ca, B, and Li, it was found that 
either calcium or magnesium additions provided an 
excellent combination of forgeability and conduc- 
tivity but magnesium (added as 10 pct Mg-Cu) 
seemed to be the most reproducible in its effect. A 
residual content of between 0.1 pct and 0.2 pct Mg 
was preferred. 

Ingots of 12 lb were cast of alloys in 50, 55, and 
60 pet Cu after additions of 0.2 pct Mg. These were 
hot-rolled to 0.390-in. rod in the copper alloy mill 
of the American Brass Co., and drawn to wire 0.045 
in. in diam following standard copper mill practice. 
Pickling was done in 10 pct sulphuric acid at 180°F, 
which left a copper surface as a useful lubricant in 
drawing. Wire was drawn 12 B&S numbers hard 
(from 0.182 to 0.045 in. in diam) with no difficulty 
whatever and even greater reductions are un- 
doubtedly commercially feasible. Samples were 
taken at various intermediate gauges, annealed at 
800°C for 1 hr and air-cooled, and then all drawn 
down to a final gauge of 0.045 in. for testing. The 
continued increasing strength on progressive draw- 
ing is shown in fig. 48, plotted against B&S numbers 
reduction, which provides a logarithmic scale of 
reduction of area. Unlike most copper alloys that 
quickly approach a limiting strength asymptotically 
and do not thereafter increase, this alloy increases 


progressively in tensile strength even to large re- 
ductions. It is therefore possible to obtain phenom- 
enally high tensile strength associated with rela- 
tively good electrical conductivity. 

The solubility of iron in copper is highly tem- 
perature-dependent and the maximum conductivity 
can be obtained only after heat-treatment which 
precipitates iron as completely as possible. Fig. 49 
shows the effect on the conductivity of three typical 
alloys of successive treatments at 700°, 600°, and 
500°C. Other tests are shown in fig. 50. Higher con- 
ductivity is obtained when the alloy is annealed at 
successively lower temperatures. Quenching from 
800°C, prior to the lower temperature heat treat- 
ment, does not accelerate the rate of approach to 
equilibrium. Evidently the presence of many par- 
ticles of iron throughout the structure changes the 
behavior from that normally shown by precipita- 
tion from a solid solution. Uniform cooling in 2 hr 
through the range 600° to 450°C gave a conductivity 
(42 pct I.A.C.S. for the 55 pet Cu alloy) very little 
below the maximum obtained by prolonged heat 
treatment at 500°C, and probably approximates the 
best commercial treatment. If maximum softness 
and ductility are required for subsequent cold-work- 
ing, this treatment should be preceded by an 800°C 
anneal and air-cooling. 

The combination of tensile strength and conduc- 
tivity—over 160,000 psi and 35 pct I.A.C.S.—is not 
unattractive. 


Summary 


A study was made of the properties of binary 
alloys of iron and copper. Contrary to some state- 
ments in the literature, no difficulty was encountered 
in making homogeneous melts of all compositions, 
except in the presence of carbon, which caused seg- 
regation into two liquid layers. The alloys can be 
hot- and cold-worked over the entire range of com- 
position, although the alloys between 8 and 30 pct 
Cu are difficult to work unless the castings are first 
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Fig. 48—Alloy wire containing 56.35 pct Cu. Ma- 
terial of various gauges was given heat treatment 
consisting of annealing at 800°C and air-cooling, 
reheating to 600°C, and very slowly cooling there- 
from, prior to drawing to the final gauge of 0.045 in. 
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annealed and then forged just below the eutectoid 
temperature (ca.860°C). The tensile strength of the 
alloys reaches a maximum in the range 5 to 10 pct 
Cu and thereafter declines uniformly as the copper 
content is increased. The greatest strength is ob- 
tained by quenching from 950°C and reheating at 
450°C to cause precipitation hardening. Greatest 
ductility is obtained after annealing at 800°C, and 
alloys in this condition, if quenched or air-cooled, 
are also susceptible to some precipitation hardening. 
All alloys after initial forging can be drawn into 
wire or rolled into strip. The electrical conductivity 
of the alloys progressively increases with copper 
content and is greatly influenced by deoxidation 
practice (for which an addition of 0.2 pct Mg is pre- 
ferred) and by heat-treatment. The highest conduc- 
tivity for a given alloy is obtained by slowly cool- 
ing through the range 600° to 450°C, although ex- 
tremely long annealing at 500°C will produce the 
same result. The corrosion resistance of the alloys 
is not good. The alloys progressively increase in 
strength on cold-working and wires drawn from 
magnesium-deoxidized material containing about 55 
pet Cu show excellent combinations of strength and 
conductivity. A wire heat treated to give maximum 
conductivity and drawn 11 B&S numbers hard (92 
pet reduction in area) to 0.045 in. diam had the fol- 
lowing properties: tensile strength, 158,000 psi; 
elongation, 2.3 pet on 2 in.; conductivity, 35.5 pct 
ACCS. 
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Fig. 49—Effect of heat treatment on electrical con- 
ductivity of Fe-Cu wires. 


(Wire 0.142 in. diam, cold drawn 6 B&S Nos. hard from hot- 
rolled rod). 
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Fig. 50—Effect of heat treatment on electrical con- 
ductivity of Cu-Fe alloy wires (54.7 pct Cu) after 
prior heat treatment at 800°C. 
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Kinetics of Solid Phase Reactions in Oxide Films on Iron —- The 
Reversible Transformation At or Near 570°C 


by Earl A. Gulbransen and Roswell Ruka 


The forward and reverse reactions, Fe;O, + Fe — 4FeO, are studied 
by electron diffraction methods. In thin films the forward reaction occurs 
at temperatures 170°C below the equilibrium value. The mechanism of 
the forward reaction is shown to be governed by the diffusion of iron. 
Studies on the reverse reaction as a function of time, temperature, and 
oxide composition indicate a nucleation and a growth process is rate 

controlling. 


NE of the interesting questions in the under- 

standing of the reaction of iron with oxygen 
is the kinetics and the mechanism of the crystal 
structure changes occurring in the formation and 
breakdown of the oxide film. In a recent work’ the 
electron diffraction method was applied to the study 
of the solid phase reactions occurring internally in 
the oxide film on iron above 570°C and under 
vacuum conditions. The higher oxides which form 
under oxidizing conditions are reduced internally 
by the diffusion of iron into the oxide leaving the 
bulk of the oxide FeO (wiistite). 

This paper will ask and consider three questions. 
These are: (1) What is the nature of the depressed 
transformation temperature for the Fe,O, + Fe @ 
4¥eO reaction in very thin oxide films?; (2) What 
is the mechanism of the forward transformation of 
Fe,O, to FeO at or near 570°C?; and (3) What is the 
nature and mechanism of the slow reverse trans- 
- formation of FeO to Fe,O, and Fe below 570°C?. 

The composition of the oxide as well as its elec- 
trical, magnetic, mechanical, and chemical proper- 
ties depends upon the kinetics of these reactions. 


Literature Survey 


The composition of the oxide film on pure iron at 
temperatures up to 570°C has been studied exten- 
sively by the electron diffraction method. Nelson,” 
Jackson and Quarrell,? and Gulbransen and Hick- 
man‘ have shown that Fe,O, and a-Fe,O, are formed 
in the temperature range of 225° to 570°C, while 
y-Fe.O; is most likely formed below 225°C for long 
oxidation times. In very thin films FeO (wiistite) is 
found to form at temperatures as low as 400°C, and 
its existence depends essentially upon the extent of 


initial oxidation. FeO is not found in the formation 
of thick films below 570°C. 

On the other hand X-ray® and micrographic®’ 
studies show that Fe,O, may exist as the main com- 
ponent in thick films up to 650°C, well above the 
equilibrium temperature for the reaction Fe,O, + 
Fe = 4FeO. 

The kinetics of the forward and reverse trans- 
formations of the reaction Fe,O, + Fe = 4FeO have 
not been studied in oxide films. However, analysis 
of the data of Gulbransen and Hickman‘ on the heat- 
ing and cooling of iron oxide films of known thick- 
nesses in high vacua shows that the forward reac- 
tion proceeds rapidly even for a 4000 A film at 
temperatures of 575° to 600°C. The reverse reaction 
or decomposition of wistite (FeO) occurs at tem- 
peratures below 450°C. Thus, there appears to be 
a slow process in the decomposition which is in 
marked contrast to the rapid forward reaction. 

The decomposition of a bulk sample of FeO free 
from the metal has been studied extensively by 
Chaudron, Bénard and coworkers using the micro- 
graphic, X-ray diffraction, and thermomagnetic 
methods. Chaudron” ® first observed that the de- 
composition of FeO (wiistite) below 570°C occurs 
by the reaction 4FeO > Fe,O, + Fe. Later work by 
Chaudron and Forestier’? showed that the rate of de- 
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composition increases to a maximum at 480°C and 
then decreases as the temperature is further low- 
ered. An X-ray diffraction study by Bénard and 
Chaudron” indicated that between 350° and 500°C 
the iron which is first liberated dissolves in the re- 
maining FeO and increases its lattice parameter. 

In a recent paper, Chaudron and Bénard™ have 
shown from a thermomagnetic study that the sta- 
bility of FeO depends upon the temperature of 
formation of the bulk oxide and upon the composi- 
tion of the oxide. The oxides richest in iron are the 
most stable. The temperature for onset of the de- 
composition is found to vary between 350° and 
450°C. 


Thermal Data on the Fe,0,-FeO Equilibrium 


Two reactions are of interest: (1) Fe,O, + Fe = 
4FeO, and (2) 3FeO + %O, = Fe,O,. The data of 
Chipman” are used to calculate the free energy 


- changes for these reactions. Other reactions in the 


iron-oxygen system have been previously calculated 
and discussed.” Fig. 1 shows a plot of the results 
expressed in terms of log K, where K is the equilib- 
rium constant. The results show that the oxidation 
reaction (2) is favorable over the temperature 
range given, while the solid phase reaction (1) is 
only favorable above 570°C. In these calculations 
the free energies of the wustite phase, FeO, and of 
the magnetite phase, Fe,O,, are assumed to be inde- 
pendent of the composition. Darken and Gurry™ “* 
have shown that there is an effect of composition 
on the free energy of FeO at temperatures of 1100°C 


_-and higher. However, data are not available for the 


evaluation of this effect at 570°C. 

The variation of log K with temperature for re- 
action (1) in fig. 1 is small. Therefore; a wide vari- 
ation in the equilibrium temperature is possible if 
free energy differences exist for the FeO or Fe,O, 
films in contact with iron. 

In this paper it should be noted that when we re- 
fer to FeO and Fe.O, we are discussing wustite and 


A. First Cycle 


+ + 
FeO FesO4 


B. Second Cycle 


LOG K 


ie) 
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#2 
A. 3FeO + 1/202 = Fes 0,4 
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Fig. 1—Fe,0,-FeO equilibria. Log K vs. t°C. 


magnetite whose compositions are determined by 
the iron-oxygen diagram. The wiistite, or FeO, re- 
gion of stability has been studied with great care 
although considerable disagreement exists between 
the recent diagrams of Bénard® and of Darken and 
Gurry.” “ Little information exists on the region 
of homogeneity of magnetite at temperatures near 
570°C. : 

The electron diffraction camera, furnace, and 
specimen manipulator are similar to those previ- 
ously described.” * * p 

Specimens are prepared from Puron and Armco 
grades of iron. The analyses and preparation of 
these materials have been described.” * 


Results and Discussion 


Depressed Transformation Temperature in Thin 
Oxide Films: Although the existence of FeO on Fe 
at temperatures as low as 400°C has been noted,‘ 
this fact is not sufficient evidence that the equilib- 
rium temperature for the reaction Fe,O, + Fe = 


+ + 
tr. FesO4 Fes04 


° t 571 °C eS 580 °C 
550 °C => FeO 


FesO oe 
Fes0O4 304 Fes0: 


580 °C > 495 °C > 465° C 

FeO FesO4 Fe304 
+ + + 

tr. FesO4 tr. FeO tr. FeO 


Fig. 2—Forward and reverse transformation, Fe + Fe,0, S 4FeO. 


Vacuum formed film (2x10-5 mm Hg) on Puron. 
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Table I. Effect of Heat Treatment on the Forward and 
Reverse Transformation Temperatures 


Temperature, °C 


Vacuum Forward Reverse 
Condition Cycle Reaction Reaction 
1x10-5 mm of Hg al 530 450 
Oxide 2 570 465 to 490 
3x10-6 mm of Hg 1 Too diffuse 
Oxide for study 
2 500 412 
3 525 


4FeO is different for thin films. Rather, it is neces- 
sary to show that the reaction actually proceeds in 
both directions below 570°C for thin films. 

Experiments are made to show this effect for very 
thin oxide films on Puron and Armco iron. To add 
further information, studies are made on (1) the 
effect of vacuum heating and cooling, (2) the nature 
of the lattice parameter changes in the transforma- 
tion, and (3) the nature of the orientation of the 
oxide crystallites before, during, and after the 
transformations. 


Vacuum Formed Oxide Film on Puron 


Fig. 2 shows the diffraction patterns obtained in 
a typical heating and cooling cycle. An abraded 
Puron sample is heated and oxidized in a vacuum 
of 2x10° mm of Hg. The diffraction patterns show, 
at 440°C, a pattern of Fe,O, which on heating to 
490° and 530°C changes to a mixture of FeO and 
Fe,O,. At 540°C the pattern is FeO with only a 
trace of Fe,O,. The reverse transformation starts to 
occur at 450°C. : 

A reheat of this sample shows the forward trans- 
formation occurring between 571° and 580°C while 
the reverse transformation starts to occur between 
495° and 465°C. 

The trend of these results has been checked many 
times with (1) different heats of Puron, (2) freshly 
abraded samples, and (3) samples which have been 
oxidized and abraded many times. The experiments 
show that the depressed transformation effect is not 
unique for one heat of Puron and is not affected 
greatly by any concentration of impurities in the 


Table II. Orientation Relationships in Oxide Films and 
Effect of Heat Treatment 


Vacuum Tempera- Struc- 
Condition Cycle ture ture Orientation 
1x10-5 mm of Hg iL Below 530 Fes04 Random 
Oxide Res 530* FeO Nearly random 
1 Below 450; FesO.z Nearly random 
2 450 FesO4 Some orientation 
2 500 to 570 FesOa Highly oriented 
2 570* FeO — Highly oriented 
(Same as Fe30x4) 
2 Below 465; FesO4 Oriented 
(Same as in 
original Fe3O,) 
3x10-6 mm of Hg a Below 570* Very Random 
Oxide diffuse 
1 Below 400+ Very Random 
diffuse 
2 Below 500 FesO4 Random 
2 500* FeO Random 
Z Below ie 7 wee Random 
elow ‘e304 Some orientati 
3 525* FeO eae 


* Forward transformation occurring. 
+ Reverse transformation occurring. 


Some orientation 


oxide occurring in the vacuum oxidation of a new 
sample of Puron. 

This transformation was also studied by visual 
observations alone. For example, two specimens of 
Puron are heated and oxidized in a vacuum of 1x10” 
mm of Hg at a rate of 2° to 3°C per min. A diffuse 
and randomly oriented pattern of Fe,O, is observed 
until a temperature of 500°C is reached at which 
point the transformation to FeO occurred. 


Vacuum Formed Film on Armco Iron 


The analysis of Armco iron is approximately C, 
0.015; S, 0.050; Mn, 0.03; Si, 0.01; P, 0.007; and 
balance, Fe. A specimen is heated in a vacuum of 
2x10° mm of Hg. The patterns at low temperatures 
are very diffuse and impossible to analyze. At 425°C 
a pattern of FeO can be distinguished. To obtain 
a thicker oxide film a second specimen is heated in 
a poor vacuum of 8x10“ mm of Hg. A mixture of 
FeO and Fe,O, is found at 470°C. The transforma- 
tion to FeO occurred at 525°C. We concluded that 
the effect of the additional impurities in Armco iron 
has no effect on the phenomena. 


Effect of Film Thickness 


This effect has been previously studied.* We have 
confirmed this work by noting the transformation 
temperature in a thin film of oxide on Puron. A 
specimen is oxidized at 400°C for 1 min and 1 cm of 
O, pressure. Fe,O, is observed until a temperature 
of 552°C is reached at which point the transforma- 
tion to FeO occurred. This experiment, together 
with previous experiments,’ shows that the trans- 
formation temperature is a function of the oxide 
thickness and has the normal value of 570°C for 
thick films. It should be noted that thick films may 
give higher transformation temperatures since finite 
heating rates are used. These higher temperatures 
are due to the fact that the rate of the reaction is 
limited by the diffusion rate. 


Effect of Heat Treatment and Film Thickness 


Table I shows the results of consecutively heating 
and cooling oxide films for two different vacuum 
conditions. In a vacuum of 1x10° mm of Hg the 
second heating cycle gives the normal value for the 
transformation temperature. However, the tem- 
perature for onset of the reverse transformation is 
not greatly affected. The second experiment is car- 
ried out in a vacuum of the order of 3x10* mm of 
Hg. The forward transformation temperature in- 
creases for each consecutive cycle, however, the 
normal value is not observed even after three cycles. 

The trend of the results may be explained on the 
basis of vacuum oxidation, the extent of which is 
determined by the pressure, temperature, and time. 
The initial layers of oxide are in an unstable state 
on the iron. However, as the oxidation proceeds in 
the vacuum, the influence of this initial layer of | 
oxide becomes less important and in a vacuum of 
1x10° mm of Hg the second forward transformation 
occurs in the regular manner. The experiment car- 
ried out in a vacuum of 3x10° mm of Hg suggests 
that a number of cycles are necessary to give suffi- 
cient oxidation for the reaction to occur in the 
normal way. 


Orientation Relationships in the Oxide Film 


An analysis of a number of transformations of 
oxides of varying thickness shows that in some cases 
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412 °C —S 


FesO4 
440 °C > 


FeO+tr. Fes0O. 
+tr. a— Feo03 


FesO4 


562 °C > 300 °C 


Fig. 3—-Orientation effects. Forward and reverse transformations. 
Second cycle vacuum is 10-5 mm Hg. 


the patterns consist of a number of arcs, indicating 
certain crystallographic directions are favored in 
the growth of the film while other patterns consist 
of uniform half circles and indicate a random 
~growth of the film. The presence of arcs in the 
diffraction pattern will be referred to as the pres- 
ence of orientation effects in the oxide film. An 
analysis of the transformation where orientation 
effects are present leads to some interesting con- 
clusions. 

Table II shows the effect of heat treatment on the 
orientation effects observed for two vacuum-formed 
_ oxide films. The oxide film formed under a vacuum 
-of 1x10° mm of Hg shows no appreciable orienta- 
tion during the first heating cycle, where a de- 
pressed transformation temperature is noticed. 
However, a second heating cycle gives a highly ori- 

ented oxide and a normal transformation is ob- 
served. The second vacuum-formed oxide film 
(3x10° mm of Hg) shows no orientation effects for 
the three heating cycles and depressed transforma- 
tion temperatures are observed in each case. Thicker 
oxide films give no orientation effects. 

The results shown in table II and evidence on 
thicker films may be summarized as follows: (1) 
The thin oxide films which are nearly random in 
orientation have depressed transformation tempera- 
tures, (2) as the oxide increased in thickness the 
Fe,O, lattice takes on a highly oriented structure— 
these films giving more nearly normal transforma- 
tion temperatures, and (3) above a certain film 
thickness the oxide need not be oriented to have 
the normal transformation temperature. 

Fig. 3 shows a typical second cycle transforma- 
tion. As the Fe,O, is heated the orientation increases 
and is carried over into the FeO and Fe,O, formed 
by transformation. Thus, the prominent orientation 
of the 2.54 and 2.10 A lines in Fe,O, corresponding 
to the 311 and 400 planes is carried over into the 
2.47 and 2.14 A lines in FeO corresponding to the 
111 and 200 planes. 


Lattice Parameters 


It has been suggested that the Fe,O, formed in 
the thin oxide films on Fe is in an unstable state due 
to the effect of the underlying Fe. This may be ex- 
pected to occur in the first layers of oxide if we 
compare the reduced parameters as suggested by 
Goldschmidt® for Fe,O, (2.803A) with that for Fe 
(2.86A) and that for FeO (2.86A). 

Unfortunately, it is very difficult to make pre- 
cision measurements of these thin oxide films by 
electron diffraction and especially so if the lines are 
very diffuse. A comparison of the Fe,O, parameters 
of a number of depressed transformations reveals 
‘consistently higher values. The magnitude of the 


effect, 1 to 3 pct, is within the range expected. How- 
ever, the diffraction data give values for a, which 
are a function of the radii of the diffraction ring. 
Further experimental work is necessary to show 
the effect conclusively. 


Interpretation of Depressed Transformation 
Temperature 


The fact that the transformation of Fe,O, to FeO 
occurs at or near 570°C indicates that the reaction 
follows the equation Fe,O, + Fe — 4FeO and the 
depression of the equilibrium temperature must re- 
sult from a change in free energy of either FeO or 
Fe,O, in thin films when present on iron as com- 
pared to their normal values. The extent of this 
free energy change can be evaluated from fig. 1. 
Table III shows the free energy change necessary 
to account for the depressed transformation tem- 
perature. At 400°C, for example, this value is 1940 
cal per mol. 

It is interesting to speculate on the sources of 
this amount of energy. The following reasons may 
be suggested: (1) Differences in the surface free 
energy associated with the transformation of small 
crystallites of Fe,O, to FeO, (2) the greater degree 
of unmatching of the Fe,O, lattice with the Fe lattice 
than for FeO, (3) the effect of composition of the 
FeO and Fe,O, phases on the free energy and the 
effect of film thickness on the composition, and (4) 
the concentration of impurities in the surface films 
forming different oxides or solid solutions with FeO 
or Fe,OQ,. 

Let us consider each of these reasons in turn. 
(1) Crystal size may explain not only the depressed 
transformation temperature, but also the effect of 
film thickness, since the crystallites are found to 
grow as the oxide thickens.” However, crystal size 
does not explain the increase in lattice parameters 
and the orientation effects. (2) Traces of impurities 
may concentrate in the surface layer if the oxide is 
formed under vacuum conditions. However, spec- 
troscopic analysis does not reveal such a concentra- 
tion. A comparison of the results of freshly abraded 
samples with those which have been oxidized and 
repolished many times shows no difference in be- 


havior. In addition, the additional impurities pres- 


Table III. Free Energy Associated with Lowered 
Transformation Temperatures 


Free Energy 
Cal per Mol 


Transformation 
Temperature, °C 


400 1,940 
450 is 

500 778 
550 150 
570 0 
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Fig. 4—Effect of film thickness on transformation 
temperature. 


A. Vacuum formed film. B. Thin film (300°C 1 mm Oz 1 min). 
C. Thick film (550°C 1 cm Op: 30 min). 


ent in Armco iron do not affect the results. (3) The 
effect of composition of the Fe,O, on the transforma- 
tion is impossible to predict because the essential 
thermodynamic data are lacking. (4) The most 
plausible explanation which fits the observed facts 
is that the Fe,O, which forms in the first few layers 
is in a strained state due to the underlying iron 
lattice. Since the Fe,O, cannot match the Fe as well 
as the FeO, an extra strain energy exists in the thin 
film of Fe,O, relative to its value in the bulk state. 

The strain energy is a positive free energy term 
and will act to give a lower equilibrium tempera- 
ture for the transformation. As the oxide layer 
thickens the influence of the underlying iron lattice 
becomes less important and the strain energy ap- 
proaches zero with a normal transformation occur- 
ring. 

The lack of orientation or preferred growth of 
the Fe,O, formed during the initial film formation 
is of interest. It should be realized that the abraded 
surfaces used consist of a highly broken down struc- 
ture of Fe and it is not expected that the orientation 
relationships observed by Mehl and McCandless” 
for FeO on Fe single crystals would show up in our 
diffraction patterns. 

Bénard”™ has suggested that two factors determine 
the orientation relationships of the oxide to the 
metal. These are: (1) The conservation of the 
planes of greatest atomic density, and (2) the con- 
servation of close to identical repeat distances in 
the two lattices. Further studies are contemplated 
using single crystals of iron of known orientation. 


Nature of Forward Transformation—Effect of 
Film Thickness: In a previous study’ data were pre- 
sented on the kinetics of the reduction of the higher 
oxides Fe,O, and a-Fe.O; when present in the outer 
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Fig. 5—Mechanism of Fe + Fe,0, = 4FeO reaction 
on pure iron in vacua. 


layers of a thick oxide film consisting mainly of FeO. 
Iron atoms from the underlying metal were shown to 
diffuse through the FeO and react with the Fe,O, 
forming additional FeO. A similar mechanism prob- 
ably accounts for the forward transformation on 
heating a film of Fe,O, through its transformation 
temperature of 570°C, except that initial FeO is not 
present. In this section the effect of film thickness 
on this forward transformation will be studied, and 
how such information explains the observed oxide 
structures in the temperature range of 570° to 650°C. 

Fig. 4 shows the observed structures of several 
oxide films when heated and cooled at a constant 
rate through the transformation temperature. The 
following oxide film thicknesses are used for the 
study on Puron: (1) A vacuum-formed film, (2) a 
thin film formed by oxidizing at 300°C and 1 mm 
of O, for 1 min, and (3) a moderately thick film 
formed by oxidizing at 550°C in 1 cm of O, for 30 
min. The specimens are heated separately in the 
camera at a rate of 1° to 3°C per min with the 
diffraction patterns being observed visually on the 
fluorescent screen. Photographs of the patterns are 
taken at the points marked on the figure. 

Part A of fig. 4 shows the forward transformation 
occurring at 540°C for the vacuum film on the first 
heating cycle and 570°C on the second heating cycle. 

Part B shows that for thin films the transforma- 
tion to FeO occurs at 575°C. A second heating cycle 
gave identical results. 

Part C of fig. 4 shows that for a moderately thick 
film the transformation occurs at a temperature of 
630°C for both the first and second heating cycles. 

These experiments show that time and tempera- 
ture are the important variables in the forward re- 
action. Thus, a thick film requires a longer time for 
transformation than a thin film at 570°C. A diffu- 
sion picture appears to be consistent with the facts. 


Mechanism of the Forward Transformation 


Fig. 5 shows one interpretation of the mechanism 
for the forward reaction. The conditions existing in 
the film at the start of the reaction are shown at the 
left in the figure. FeO is assumed to form at the 
Fe-Fe,0O, interface. This new interface of FeO- 
Fe,O,, shown at (1) in the figure, moves across the 
FeO film until reaction is complete. The kinetics 
of this phase transformation may be governed 
either by the diffusion of iron through the new phase 
to the old or by the nucleation and growth of the 
new phase. Since 8 unit cells of FeO“ can be derived 
from the Fe,O, unit cell by a rather simple process 
of shifting of some ions and electrons and the addi- 
tion of 8 Fe ions to the original Fe,O, unit cell, this 
process should occur readily and with a low energy 
of activation. 

If we assume that the transformation is under 
diffusion control, then the quantity dQ of FeO, 
transformed in a time interval dt is 


Here X(t) is the thickness at time, t; D is the dif- 
fusion constant; K is a dimensional constant; and 
C, and C, are the concentrations of iron vacancies 
in FeO in equilibrium with Fe and Fe,O,, respec- 
tively.” 

The rapid forward transformation is due to two 
facts, first, the quantity of Fe,O, necessary to trans- 
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form is small and second, the rate 


is large 


ie peor 
marty is large. For thick 


films the transformation is slower since X(t) is 


since the expression 


large and therefore is small and the quan- 


On man Cy 

X(t) 
tity of Fe,O, to be transformed is larger. 

The concentrations C, and C, vary with tempera- 
ture and are given by the iron-oxygen diagram.” 
The influence of the term (C,—C,) increases as the 
temperature is raised above the eutectoid. The in- 
creased velocity of transformation is due to the 
temperature effect on (C,—C,) and on D. 

The above mechanism adequately explains the 
fact that Fe,O, is the main constituent of thick 
films at 650°C as observed by Tesche® and Bénard,° 
since for short oxidation times the solid phase re- 
action has not had time to occur, as well as the fact 
that electron diffraction studies on thin films show 
Fe,O, transforming to FeO at 570°. 


Nature and Mechanism of the Reverse Trans- 
formation: The reverse transformation or decom- 
position of FeO on Fe to form Fe,O, and Fe is a 
complex reaction and occurs by the reaction 4FeO@ 
Fe,O, + Fe. We have noted in the “Literature 
Survey” that in both thick and thin films the re- 
action requires a definite undercooling AT before 
reaction. In this section we will study the products 


formed in the transformation for both thick and 


thin films and the kinetics of the transformation as 
a function of time, temperature, cooling rate, film 
thickness, composition of the oxide, and oxygen 
pressure. 

Products Formed 


Both Fe,O, and Fe should be formed during the 
reverse transformation or decomposition of FeO. 
However, the diffraction patterns obtained for thin 
and moderately thick oxide films do not ‘usually 
show the Fe structure. It was noted that a thick 
oxide film formed at 700°C by oxidation for 10 min 
with 1 cm of O, will give a pattern of Fe before 
Fe,O, appears when cooled at a rate of 10°C per 
min for the first time. However, subsequent heating 
and cooling cycles show no evidence for the Fe 
structure. 

Fig. 6 shows an example of this effect. Fe is first 


~ observed with FeO at 442°C and Fe,O, finally ap- 


pears at 402°C. Upon heating the Fe lines persist 


—- eyen after transformation to FeO has occurred. 


These lines disappear upon further heating. Vacuum 
oxidation probably plays a part in this disappear- 
ance. 

Similar results are obtained for a film formed at 
500°C for 1 min and 1 cm of O, when heated to 
590°C and then cooled. Fe lines are observed upon 
slow cooling together with FeO and Fe,O, at 488°C. 
A second heating and cooling cycle does not show 


this effect. 
Kinetics 


Chaudron and Bénard”™ have used two factors to 
characterize a decomposition reaction of this type. 
These are: (1) The undercooling, AT, at which 
temperature the reaction proceeds, and (2) the rate 
of decomposition. We feel that three factors should 
be used: (1) The temperature, (2) the time for 


onset of the reaction at the particular temperature, 
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Fig. 6-—Formation of Fe in reverse transformation. 
Thick film (700°C 10 min, 1 cm 0»). 


and (3) the time for completion of the reaction. 
This breakdown has several advantages: (1) The 
undercooling AT as expressed by Chaudron and 
Bénard” is effected by the cooling rate, and (2) the 
temperature and time for onset of reaction gives 
additional information on the reaction. Reactions 
will proceed at temperatures considerably higher 
than the AT at which reaction proceeds rapidly on 
direct cooling if sufficient time is allowed for the 
reaction to start. 

No method has been proposed which can study 
the kinetics of reactions occurring within the oxide 
film when present on a metal. However, the electron 
diffraction method can give useful information on 
the kinetics of the reaction, if we assume that the 
surface sampling is typical of the film as a whole. 
The method is limited also by the fact that the 
presence or absence of a second phase can only be 
determined when present to the extent of 5 to 10 pct. 


Effect of Oxygen Pressure on the Direct Under- 
cooling AT for Transformation: The atmosphere 
surrounding the specimen may affect the degree of 
undercooling AT and the rate of transformation in 
two ways. (1) The oxygen may oxidize the FeO to 
Fe,O,. This reaction is possible thermodynamically 
at temperatures up to 1000°C. The Fe,O, thus 
formed gives a false picture that transformation 
had occurred internally. (2) The oxygen pressure 
may affect the nucleation and growth centers for 
Fe,O, by its action on the number of vacancies in 
the FeO lattice. i 

We have studied the effect of low-oxygen pres- 
sures on the undercooling AT for a moderately thick 
film (500°C, 1 em O., 1 min) and for a thick film 
(700°C, 1 cm O,, 10 min). The moderately thick 
films are heated to 700°C before cooling, while the 
thick films are held at 600°C for 2 hr. The tem- 
perature for the start of transformation is used to 


Table IV. Effect of Oxygen Pressure on FeO-Fe,O, 
Transformation Temperature Cooled at Rate of 
10°C per min 


Oxygen Pressure, Transformation Temperature, 
mm of Hg Start, °C 
A. Initial Film (1 cm of Oo, 550°C and 11 min) 
Heated to 750°C 


1.6x10-8 630 
0.85x10-8 604 
0.5x10-8 595 
0.18x10-3 574 
0.015x10-3 444 


B. Initial Film (1 cm of Oo, 700° and 10 min) 
Heated to 600°C for 2 hr 

3x10-5 502 

1x10-5 472 

3x10-6 300 


—— 
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Table V. Effect of Film Thickness on Time for Onset 
and Completion of Reverse Transformation at 500°C 


Vacuum 
Conditions 
Oxidation During Time for Time for 
Conditions Experiment, Onset, Completion, 
of Film mm of Hg Min Min 
A. Vacuum formed oxide 2x10-5 No transformation 
(2x10-5 mm of Hg) as FeO is 
stable phase 
B. Thin film 305°C 1x10-5 500 to 1,000 Less than 
1 min 1 mm ofOz 500 
C. Thick film 700°C 1x10-5 75 25 
10 min 1 cm of O2 70 20 


evaluate AT. Table IV shows the results. Fe,O, is 
observed to form at temperatures well above 570°C 
which indicates that the oxidation reaction is oc- 
curring. 

For low-oxygen pressures where AT is positive, 
we cannot prove that the increase in AT for reaction 
is due to either the effects of the oxidation reaction 
or to the change in nucleation and growth factors 
in the formation of Fe,O,;. In any case the trans- 
formation characteristics are sensitive to the oxygen 
pressure and this factor must be carefully controlled. 

Effect of Film Thickness: Table V shows a com- 
parison of the transformation factors of a vacuum- 
formed film with a thin oxide and a thick oxide film. 
The comparison is made at 500°C of the time for 
onset of transformation and time for completion of 
transformation. These and other experiments show 
that the transformation factors are strongly affected 
by the film thickness with the thin films being the 
most stable to decomposition. Fig. 5 shows a time- 
temperature-structure plot of part B of table V. 
The time scale is logarithmic. 

Effect of Cooling Rate on Degree of Undercooling 
AT: Since Chaudron and Bénard” have indicated 
that the value of AT is one of the characteristic 
factors for reaction, it is of interest to study AT as 
a function of the cooling rate for a constant vacuum 
condition of 1x10° mm of Hg. If the thin film speci- 
men shown in part B of table V is cooled very 
slowly, the transformation occurs at a temperature 
of about 500°C. However, the film transforms at 


Table VI. Effect of Temperature on the Time for Onset 
and Completion of the Reverse Transformation 


Initial Oxidation 700°C, 10 min at 1 cm of O2 
Samples Cooled to Temperature at Rate of 11°C per min 


Time for Onset Time for 
Temp, at Tempera- Completion, 
°C ture, min min 


1. Heated to 750°C before cooling. Vacuum, 2x10- mm of Hg 


540 95 a-FesO3 appears 225 
: before FesO4 
540 100 a-Fe2O3 appears 1,270 
before FesO4 
500 46 50 
500 75 25 
500 70 30 
475 10 30 
475 20 20 
470 15 10 
420 0 5 
390 0 4 


2. Heated to 600°C for 5 min before cooling. Vacuum, 2x10-5 mm of Hg 
470 15 15 


3. Heated to 600°C for 120 min before cooling. 
Vacuum, 2x10 mm of Hg 


470 20 20 


470°C when cooled at a rate of 5°C per min and at 
418°C when cooled at 11°C per min. Similar results 
are observed with thick films. 

These results have two explanations. First, the 
effect is one of time for nucleation to start at a 
given temperature, the slower cooling rates favor- 
ing the starting of the reaction at a higher tempera- 
ture. Second, the effect is due to reaction with the 
oxygen or water vapor present in the vacuum which 
is a function of time and temperature. In general, 
we favor the former explanation. 


Effect of Temperature on the Time for Onset and 
Completion of the Reverse Transformation: The re- 
lationships between the times for onset and com- 
pletion of the decomposition are studied for several 
temperatures and a vacuum of 2x10° mm of Hg. 
The data are obtained by reheating successively this 
specimen to 750°C before cooling or to 600°C for 
5 or 120 min before cooling. The specimens are 
cooled to the given temperature at a rate of 11°C 
per min. The time for onset and for completion is 
studied visually on the fluorescent screen. It is 
noticed that there is a trend in the data as a func- 
tion of the number of cooling cycles. However, re- 
producible results are achieved after 10 coolings. 

Table VI shows the results. The times noted are 
subject to the experimental errors inherent in ob- 
serving the appearance or disappearance of a second 
phase by diffraction methods. 

At temperatures above 500°C the reaction has a 
long induction period and the time for completion 
of the reaction is very long. However, at 420°C 
the transformation has a very short induction period 
and is complete in 5 min. These results are in essen- 
tial agreement with the work of Chaudron and 
Forestier? on the decomposition of bulk samples. 
Also the results show the value of using the three 
factors to characterize a reaction of this type. 


Effect of Composition of the Oxide on the Reverse . 
Transformation: In a recent work, Chaudron and 
Bénard” have studied, using the thermomagnetic 
method, the effect of composition on (1) the tem- 
perature for onset of transformation and (2) the 
rate of the reverse transformation. Unfortunately 
details of the rate of cooling are not given. 

It is of interest to note that Chaudron and 
Bénard’s” curves show that FeO rich in oxygen has 
the lowest temperature (greatest AT) for onset of 
transformation and the largest rate of reaction. , 

In the presence of Fe and high vacua it is not 
possible for us to prepare and maintain FeO with 
oxygen concentrations higher than the eutectoid 
(76.85 pct Fe, Bénard”). A preliminary study of 
the composition effect can be made by comparing 
the transformation characteristics for two iron- 
oxygen ratios on the iron side of the FeO range of 
stability. These compositions are (1) FeO in 
equilibrium with Fe at 700°C (77.8 pct Fe) and (2) 
FeO in equilibrium with Fe at 600°C (77.2 pet Fe). 
To compare the results with those of Chaudron and 
Bénard" we have chosen to observe the tempera- 
ture for onset of the transformation using a cooling 
rate of 11°C per min. 

Table VII shows the results. The specimen of 
Puron is given an initial oxidation at 700°C for 10 
min at 1 cm of O,. To insure equilibrium with the 
iron the specimens are held at the temperatures of 
700° and 600°C for 1 or 2 hr. An analysis of previ- 
ous data’ indicates that equilibrium is attained at 
700°C in a few minutes and at 600°C in 2 hr. 
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It will be noticed in table VII that the tempera- 
ture of onset of transformation decreases with the 
number of heating and cooling cycles until cycle 10 
is reached. It is seen that cycles No. 10, 11 and 13 
(sample held at 600°C) show a temperature for 
onset of transformation of 320° to 335°C while those 
held at 700°C (12 and 14) show a temperature of 
372° to 378°C. The oxides richest in iron (700°C) 
show a higher temperature for onset of transforma- 
tion and those specimens also require a somewhat 
greater temperature interval to complete the trans- 
formation than do the oxides somewhat poorer in 
iron (600°C). 

Table VIII shows the results of the effect of com- 
position on the time for onset and time for comple- 
tion of the reverse transformation at a temperature 
of 450°C. It is seen that the oxide richest in iron 
nucleates a little more readily than the oxide a little 
poorer in iron. The time for completion of the re- 

_~ action is approximately the same for both composi- 
tions. These results are in agreement with those 
shown in table VII. 
The effect of composition on the temperature for 
onset or the time for onset of transformation are in 
general agreement with the observations of Chaud- 
ron and Bénard.* However, no agreement is found 
for the effect of composition on the rate of the 
transformation. 
_Criticism may be directed against both the elec- 

tron diffraction and the thermomagnetic methods. 
First the electron diffraction method may not indi- 
cate the nature of the reaction in the bulk of the 
oxide. Also, due to the limitations on the rate of 

“cooling, 11°C per min, the composition of Fe in the 
700°C run may be somewhat lower than 77.8 pct. 
Second, we feel that the thermomagnetic method 
may not give the complete picture for the following 
reasons: (1) The magnetic separation of Fe,O, from 
FeO may not be complete in the sense that small 
nuclei of Fe,O, may remain within the FeO particles, 
and (2) the iron nuclei which form on cooling may 
be of different size and thus give a different mag- 
netic behavior. The magnetic properties of Fe are 
known” to be a function of the particle size below 
100A. Since Fe nuclei are not usually observed, the 
size of the particles may be near the region where 
the magnetic properties depend upon the size. 


Mechanism of the Reverse Transformation: Any 
mechanism suggested for the decomposition of FeO 
in oxide films when present on iron must explain 

_ the products and structures formed in the reaction 
and the kinetic observations. Two mechanisms may 
account for the fact that Fe is not usually observed 


-- during the transformation except in the initial 


cooling of thick oxide films: (1) The Fe crystallizes 
in extremely small particles of the order of 5 to 50A 
in diam and these then grow very slowly giving in- 


~~ eoherent diffraction patterns, and (2) supersatura- 


tion of Fe occurs in the FeO lattice which not only 
takes up some of the Fe but also permits the Fe to 
be transported to the metal interface forming new 
metal. 
The following evidence favors the former mecha- 
nism: (1) The kinetics may be explained by a 
“nucleation and growth process, (2) a micrographic 
study by Chaudron™ of the decomposition of FeO 
on Fe shows Fe precipitating at the grain boundaries 
of the oxide and not at the metal interface, and (3) 
the appearance of a diffraction pattern of iron after 
cooling for the first time an oxide film after equilib- 
- rating with Fe at 700°C. ~ 


‘formation for two reasons: 


Table VII. Effect of Oxide Composition on Reverse 
Transformation Temperature 


Initial Oxide Formed at 700°C. Vacuum, 3x10-° mm of Hg 


Tempera- 
Cooling Precooling Tempera- ture for 
Cycle Conditions, ture for Completion, 

No. °C Onset, °C °C 

4 2.6 hr at 700 460 398 

7 2 hr at 700 402 315 
10 2 hr at 600 320 290 
11 1 hr at 600 335 290 
12 2 hr at 700 378 325 
13 1 hr at 600 335 290 
14 1 hr at 700 372 325 


The evidence favoring the diffusion mechanism is 
the recent unpublished work of Richardson™ on the 
mechanism of reduction of the oxides on Fe between 
700° and 900°C. Here, the Fe freed in the reaction, 
is transported through the oxide to form a new 
metal phase. However, this mechanism cannot in- 
terpret the kinetic data on the decomposition. 

The formation of a-Fe,O; in some of the decom- 
positions is interesting since this reaction is also 
possible thermodynamically. It may indicate that 
a small amount of oxidation is occurring in the 
vacuum of the camera, especially of particles in poor 
contact with the oxide film. 

The most plausible explanation of the reverse 
transformation is a process of nucleation and growth 
of Fe and Fe,O, particles. Under certain conditions 
the nucleation and growth of Fe,O, is the rate con- 
trolling process. However, the more usual case is 
that the Fe nuclei are controlling the rate of trans- 
(1) The Fe nuclei repre- 
sent only 13 pct of the original oxide volume and 
are of a smaller size, requiring a larger amount of 
energy to form, and (2) interchange between FeO 
and Fe,O, may occur readily due to similarity in 
lattice structures. 

The theory of nucleation and growth has been 
developed by Volmer and Weber” and by Becker” 
and applied to metal systems by Mehl and Jetter.” 
A summary of the theory as applied to the decom- 
position of FeO will be given assuming that the 
nucleation and growth of Fe is the rate governing 
process. Similar equations would apply to a system 
in which the rate governing process is the nuclea- 
tion and growth of Fe,O,. 

The free energy required to form an Fe nucleus 
of radius, r; area, A; and volume, V; in the FeO, 
film is given as the sum of two terms if no elastic 
stresses are present. 


AF = 47 to + 4/3 at* Af [1] 


Table VIII. Effect of Oxide Composition on Time 
for Onset and Completion of Transformation 


Initial Oxide 700°C, 10 min 1 cm of O2. Vacuum, 3x10-§ mm Hg 


Time for Time for 
Onset, Completion, 
Precooling Conditions min min 
A. 700°C lhr 
Cooled to 458°C in 22 min 128 30 


Held at 450°C 77.8 pct Fe 
B. 600°C ihr 


Cooled to 458°C in 18 min 162 33 
Held at 450°C 177.2 pct Fe 
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Here Af refers to the free energy increase per unit 
volume and o the interfacial energy. 


The maximum value of 
AF = 1670 /3Af [2] 


for regions of radius 
Liste) kee ao 2 oe 2a/ Af [3] 


The rate of nucleation (N) of the iron crystals is 
given by 
(AF max + Q) 


Ne Kes [4] 


Here Q is the activation energy for the process of 
adding or removing one atom from the nucleus. Q 
is nearly independent of temperature, while AF jax 
decreases with the degree of undercooling, since Af 
increases with the degree of undercooling. The rate 
of nucleation is a maximum at a temperature 
0<T<T, where (AFnx + Q)/RT is a minimum. 
T, is the equilibrium temperature. 

Since the amount of Fe freed during the trans- 
formation is a function of the thickness, it is prob- 
able that the size of the nuclei which can form will 
depend upon the thickness for thin films. Above a 
certain thickness this effect will be small. By eq 3, 
the value of Af must be larger for the nucleation of 
Fe in thin films than for thick films. Since Af is a 
function of the degree of undercooling, AT, the re- 
verse transformation occurs only at a temperature 
well below the equilibrium value. 

The effect of composition is interesting in relation 
to the nucleation and growth theory. It may be ex- 
pected that an oxide rich in Fe should nucleate 
more readily than for an oxide rich in oxygen. This 
is observed experimentally here and by Chaudron 
and Bénard.” The rate of nucleation and growth of 
Fe and Fe,O, should not appear to be a strong func- 
tion of the composition since the oxides after initial 
nucleation of Fe and Fe,O, are of nearly the same 
composition if we assume that the first iron saturates 
the lattice rapidly. 


Summary 


Three problems are considered in this work: (1) 
The nature of the depressed transformation tem- 
perature for the Fe,O, + Fe = 4FeO reaction in 
extremely thin oxide films, (2) the nature of the 
transformation of Fe,O,.to FeO at or near 570°C, 
and (3) the nature and mechanism of the slow re- 
verse transformation of FeO to Fe,O, below 570°C. 

Electron diffraction studies show that the forward 
and reverse transformations of Fe,O, + Fe = 4FeO 
may occur below 570°C for thin films and that FeO 
may exist as a result of thin film oxidation at tem- 
peratures as low as 400°C. This depressed trans- 
formation temperature is characteristic only of thin 
oxide films and subsequent vacuum oxidation during 
reheating of the specimens gives the normal or 
closer to normal transformation temperatures. It is 
to be noted also, that the lattice parameter of the 
initially formed oxide is greater than normal which 
indicates that the oxide is in a strained state. It is 
concluded that the depressed transformation may be 
due to the strained state of the Fe,O, in attempting 
to match the repeat distance in the underlying Fe 
lattice. 

Kinetic studies are made of the Fe,O, + Fe=4FeO 
reaction at temperatures of 570° to 630°C for thin 
and thick films. A rapid reaction is found for thin 


films and a slow reaction for thick films. The 
mechanism of this transformation can be expressed 
by a simple diffusion picture of Fe ions diffusing 
through the FeO already formed to reduce the Fe,O,. 

Studies on the reverse transformation 4FeO = 
Fe,O, + Fe indicate a slow reaction for thin and 
thick films with a considerable degree of under- 
cooling necéssary for reaction. Three factors are 
used to characterize the transformation: (1) The 
temperature, (2) the time at this temperature for 
the onset of decomposition, and (3) the time at this 
temperature for completion of the reaction. 

The kinetics of the transformation are studied as 
a function of time, temperature, and composition of 
the oxide. A process of nucleation and growth of 
Fe and Fe,O, crystals in the oxide lattice is sug- 
gested as a possible mechanism for the reaction. 
Rate expressions are suggested following the theo- 
ries of Volmer and Weber and of Becker. The free 
energy required to precipitate the small Fe or Fe,O, 
nuclei is obtained by a large degree of undercooling. 
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